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1 INTRODUCTION 
I I Problem 
When a dentist is confronted with a patient whose teeth are affected by canes, there 
is, besides extraction, a range of treatment alternatives available in restorative 
dentistry These all start with removal of the affected tooth tissue, followed by 
preparation of the remaining part of the tooth to receive the restorative material The 
restorative material can be shaped either outside the oral cavity, like a cast gold 
crown, inlay, fired porcelain crown and jacket, or inside, like an amalgam fil l ing and a 
composite filling In general, materials shaped outside the mouth are more expensive 
but also more durable The economical factor may explain the extensive use of amalgam 
as a restorative material Since Its introduction amalgam has been improved until 
nowadays its quality has reached a level which matches almost all clinical 
requirements One of its mam disadvantages, besides the lack of adhesive properties, is 
Its gray/black color and for this reason the demand for tooth colored restorative 
materials has speeded up the development of dental composite For front teeth esthetics 
is perhaps the most important factor 
After the successful development of composites for anterior use and the acid etch 
technique, by which It ts possible to adhere composite to enamel, there is a growing 
demand for tooth colored materials which are also applicable in the posterior region 
However, proper use in premolars and molars is more demanding with respect to 
material properties as wear resistance, mechanical strength, and polymerization 
shrinkage, because restorations in this region not only tend to be larger compared to 
those in front teeth but they are also subjected to higher mechanical loads ( eg chewing 
forces) Besides the requirement of strength, the composite also needs good adhesive 
properties to tooth tissue A good and durable marginal adaptation is necessary to 
reduce the chance for secondary canes and penetration of bacteria to occur wear and 
mechanical strength are nowadays the two main factors limiting the unrestricted use of 
composite as a restorative material in the posterior region Wear of composites has 
been extensively studied and the improvement in wear resistance of the recent 
materials is considerable 
The present study focusses on the mechanical failure of composite restorations and 
their bond to tooth tissue Mechanical stresses in restored teeth have been investigated 
before, using finite element analysis (FEA) (Farah and Craig, 1974, Farah et al, 1976, 
Yettram et al, 1976, Craig and Farah, 1977, Peters, 1981, Peters and Poort, 19Θ3, Rubin 
et al, 1984, de Vree et al, 1984) Therefore the next step is prediction of mechanical 
failure based on stress analysis and material properties When the restored tooth is 
considered as a structure there are two complementary approaches for failure 
prediction, depending on the degree of perfection of the restored tooth First, if the 
structure can be considered as a continuum without considerable holes or cracks, a 
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failure criterion described by a stress or strain formulation {eg Von Mises yield 
criterion) wil l be appropriate Second, if these cracks and holes have a size larger than 
the critical crack length or when a macro gap or crack is present in the structure, a 
fracture mechanics approach is needed to predict the onset of fatal crack extension in 
these basically brittle materials 
The general aim of this thesis was to investigate the possibility to predict 
mechanical failure of a composite restored tooth using a FEA Basically, FEA provides a 
stress and strain distribution of a structure for given geometry, constitutive behavior 
of the materials, boundary conditions, and loading conditions 
The first problem to be solved Is whether or not large cracks are present in the 
restored tooth structure The second step is to test the applicability of continuum 
mechanics stress criteria to dental composite, since these criteria have been proved 
useful for other materials Then, critical values of these criteria have to be measured 
for composite The third problem is to evaluate standard fracture mechanics testing 
methods for small dental specimens Critical values of fracture mechanics parameters 
have to be determined for the composite and the composite-tooth interface In the next 
step both stress criteria and fracture mechanics parameters are applied to the 
geometry of the test specimens to predict their failure Finally, in the last step 
mechanical failure of two-dimensional (2-D) restored tooth structures is investigated 
by applying stress criteria and fracture mechanics parameters to 2-D models 
Then, and even more after having tested mechanical failure prediction for three-
dimensional restored tooth structures in future research, it wi l l be possible to 
establish design criteria for restored tooth structures For given restorative materials 
with certain failure properties, then also limits can be set to their applicability 
I 2 Structure 
A tooth (Fig 1 I a) mainly exists of a bone like substance called dentin That part of 
the dentin that protrudes into the mouth, the crown, is covered with enamel, a highly 
mineralized inorganic material The rest of the dentin, the root, is covered with a layer 
of cementum, which is connected to the surrounding alveolar bone by the periodontal 
ligament, a layer of fibrous connective tissue The pulpchamber, enclosed in the dentin, 
contâmes soft tissue, nerves, and blood vessels, entering through a hole at the apex of 
the root It has been shown that stress analysis of different cavity designs can be 
restricted to the crown of the tooth having an empty pulpchamber (Peters etat, 1981 ) 
From a mechanical point of view three interfaces between different materials are of 
interest, when analysing composite restored tooth models The natural bond between 
dentin and enamel is strong enough to ensure proper functioning of the tooth under 
normal conditions At the composite-enamel interface resin tags have penetrated into 
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Figure 1 1 a schematic drawing of tooth, С cementum, D dentin, E enamel, Ρ pulp, 
b tooth with canes, 
с tooth with amalgam filling, 
d tooth with composite filling 
the enamel, which has been acid etched using phosphoric acid to clean the surface and to 
make small pores in or between the enamel prisms This micromechanlcal interlocking 
results in a firm bond (tensile bond strength 10-20 MPa, Gottlieb et al, 1982) A good 
composite-dentin bond is almost impossible to obtain and to maintain due to fluids 
present in vital dentin Up to now techniques In which chemical adhesion to the collagen 
part of the dentin is promoted lead to low bond strength (0 6-3 4 MPa, Beech, 1985) 
If a tooth has been affected by canes (Fig 1 1 b) the softened part has to be removed 
In case amalgam will be used as a restorative material the preparation must be 
extended to ensure macromechamcal retention (Fig 1 I c) However, a composite 
restoration does not need such an extension as it has adhesive properties to enamel (Fig 
1 1 d) Less sound tooth tissue is lost with such an adhesive preparation form (Lutz ei 
al, 1976, Bagheri and Denehy, 1983, Hosoda and Fusayama, 1984, Lutz et al^ 1984, Porte 
et al, 1984, Boksman and Jordan, 1965) Attention has also been paid to methods giving 
the restoration a good occlusal form thereby preserving good adaptation (Rukmo and 
Wilson, 1985) The development of the adhesive preparation form for composites has 
even led to reconsider cavity design for amalgam (Elderton, 1984) 
1 3 Load situation 
A tooth is subjected to several types of mechanical loading The first to think of are 
mastication or chewing forces occurring at a rate of 3000 per day, but also bruxism may 
play an Important role Waters (1980) in his review gives a maximum achievable biting 
force for one single tooth of 265 N, however the regular force on a single tooth is in the 
range of 3-18 N These data are confirmed m the literature review by Bates «"¿#/(1975) 
and in studies by Profit £ /¿ / (1983) , Lundgren and Laurel! (1984), Laurell and Lundgren 
(1984), Lassila <?/*/( 1985) 
In a composite restored tooth one also faces residual stresses Induced by restriction 
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of polymerization shrinkage during the hardening process of the composite Furthermore 
the coefficient of thermal expansion of the composite, which is higher than that of 
enamel and dentin, introduces stresses m the structure during thermocyclmg processes 
from dally consumption of hot and cold food 
I 4 Layout thesis 
Chapter 2 starts with a general explanation of the terminology and the concepts that 
are necessary to describe the mechanical strength of materials and structures 
Continuum mechanics stress criteria wi l l be introduced as well as fracture mechanics 
parameters The materials which build up the structure of a restored tooth and their 
interfaces wil l be considered with respect to the strength concepts The experimental 
methods which can be used to determine failure criteria or fracture mechanics 
parameters wil l be evaluated for their applicability to examine the restored tooth 
structure with its dimensional limitations Modeling of the crack tip for FEA to 
calculate fracture mechanics parameters Is described In the last section of Chapter 2 
In Chapter 3 the influence of variation of Poisson's ratio on the value of the fracture 
mechanics parameter wi l l be calculated to estimate the deviation introduced when 
Poisson's ratio is given the same value in all calculations Because FEA will be applied 
to models of bond test specimens. In which two materials with different Young's 
modulus are bonded together, the effect of a variation of the ratio of Young's moduli 
wil l be examined Determination of critical values of fracture mechanics parameters 
requires testing of notched specimens, therefore a model in which the notch depth could 
be varied wil l be analyzed In the last section of Chapter 3 specimens will be modeled 
for FEA having a saw-cut with finite width instead of a flat crack At the semi-circular 
end of the saw-cut small cracks at different angles can be modeled and fracture 
mechanics parameters can be calculated 
As a potential crack in a restored tooth structure may occur at the composite-tooth 
interface, in the first part of Chapter 4 fracture of the composite-enamel interface wil l 
be investigated experimentally In the second part of Chapter 4 attention wil l be paid to 
preparation of specimens containing tooth tissue with a relatively high water content 
for scanning electron microscopy (5ЕИ) 5ЕИ is a very useful method to characterize 
fracture surfaces but a possible introduction of artefacts by sample preparation has to 
be excluded 
The possible occurrence of cracks at the composite-dentm interface of the restored 
tooth structure wil l be Investigated by FEA In Chapter 5 using literature values for 
polymerization and thermal shrinkage in axisymmetnc models 
The search for stress failure criteria, which could describe brittle failure of dental 
composite and perhaps of enamel and dentin, will be presented in Chapter 6 The criteria 
wil l be tested further by applying them to the specimens used in the experiments of the 
following Chapters 7, 9, and 10 
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In Chapter 7 critical values of relevant fracture mechanics parameters for 
composite wil l be determined experimentally They wil l be compared with fracture 
mechanics parameters calculated by FEA on models of the experimental specimens to 
confirm the validity of the FEA values 
In Chapter 8 critical values of fracture mechanics parameters for the composite-
enamel bond wil l be measured Fracture surfaces are inspected by SEM afterwards to 
distinguish the failure type 
As it is not expected that the loading mode as applied in Chapters 7 and 6 wil l 
generally occur in the restored tooth structure. In Chapter 9 critical values of the 
fracture mechanics parameters for composite and the composite-enamel bond wi l l be 
determined for another loading mode 
In Chapter 10, finally, experimental testing of the composite-restored tooth 
structure, for simplification reduced to two dimensions, wi l l be combined with FEA 
prediction of failure using stress criteria as well as fracture mechanics parameters 
The stress criteria are used for possible failure In the materials and the fracture 
mechanics parameters for possible crack growth from the composite-dentln gap 
The results are discussed In Chapter 11 where also final conclusions are given as 
well as suggestions for additional research 
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2 Terminology and Concepts 
21 Strength 
The word "structure" is used to indicate a three dimensional body existing of at least 
one material The strength of a structure can be defined as the limit to which it can be 
deformed in an acceptable manner Failure, then, occurs when this limit is exceeded In 
this thesis failure wi l l be defined as a deviation from the elastic behavior and can be 
either a transition from elastic behavior to plastic behavior, which is indicated by 
yielding, or by an abrupt change known as brittle fracture Final ductile fracture 
observed after extended yielding wil l not be considered here Firstly because the 
material behavior during yielding is very difficult to describe, and secondly It is not 
necessary because the onset of yielding can be considered in our field as the start of 
unwanted material behavior In general yield can not always be considered as failure It 
may even have a positive effect on crack resistance by lowering the stress 
concentration at the crack tip 
Failure can be either cohesive, failure in one material, or adhesive, failure at the 
interface between two materials As an example of cohesive failure the case of an 
uniaxial tensile test is given, in which a stress (a) is applied to a rod According to 
Hooke s law the relative change in length (ε) is proportional to stress 
a ' ε E (2 1) 
The constant (E) is Young's modulus or modulus of elasticity 
When stress is plotted against strain a stress-strain diagram is obtained Equation 
(2 1 ) describes the first (linear elastic) part of a stress-strain curve (Fig 2 I a) For low 
stresses the rod fully recovers its original length when the stress is removed There is 
no permanent deformation Materials like metals show a ductile behavior which means 
that when the stress is raised beyond a point A on the stress-strain curve (the yield 
point. Fig 2 I b), part of the deformation becomes permanent plastic deformation 
*· e 
a b c 
Figure 2 1 Stress-strain curves explanation see text 
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The stress at point A is the yield stress, indicating the start of plastic flow 
Sometimes materials having a yield stress can be idealized by an elastic-plastic 
behavior as shown in Fig 2 I с Below the yield stress the behavior is elastic but no 
greater stress than the yield stress can be sustained and unrestricted flow wil l occur 
Other materials like ceramics possess a brittle behavior They show almost no plastic 
deformation and they break at a certain stress level (point В in Fig 2 1 d) st i l l in the 
elastic region 
In most cases, including ours, It is undesirable that the stress level of point A or В is 
reached in materials that constitute a structure, because in both cases failure occurs 
The failure criterion for this uniaxial tensile test can be written as follows 
<i = ö t , (22) 
with ö t the tensile strength 
Real material behavior Is more complicated than that expressed by the constitutive 
equation (2 1) In general this equation will be non-linear, as well as strain history, 
time (t), and temperature (T) dependent 
σ = σ ( ε , ι , T) (2 3) 
The visco-elastic and visco-plastic behavior as well as the influence of temperature 
are left out of consideration, although polymers and thus dental composites might show 
this behavior This means that conclusions, obtained during the experiments m this 
study are restricted to the experimental conditions 
2 I 1 Stress and strain criteria 
When describing the mechanical behavior of a loaded structure one can follow a 
microscopic as well as a macroscopic approach In a microscopic approach the mutual 
interactions between atoms, molecules, or other centers of force are investigated In a 
macroscopic engineering approach a perfectly continuous and Infinitely divisible 
continuum is considered, in which all microscopic structural properties are averaged 
out This assumption is only valid when the dimensions of the structure under 
investigation are some orders of magnitude larger than the largest significant 
microstructural dimension Real materials have voids, f i l ler surfaces, flaws, cracks, 
but as long as their size is small with a low dispersion around the mean size It is 
permitted to neglect their presence and to use a macroscopic stress or stram criterion 
The macroscopic approach is fully developed in the theory of continuum mechanics 
Hechanlcal analysis of a structure includes the analysis of forces, displacements, 
material properties, and boundary conditions Stress analysis (analytical or by the finite 
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Figure 2 2 Components of stress on a infinitesimal cube 
element analysis) leads to the knowledge of stress or strain distribution within the 
structure 
In a three dimensional body the state of stress in a point can be defined in terms of a 
symmetric stress tensor (¿) having six stress components (Fig 2 2) with respect to an 
arbitrary coordinate system (x, y, z) three normal stresses (öK)(, Oyy, <3ZZ) and three 
shear stresses (a xy, Jyz- σ ζ χ ) 
σ
χχ ^ху
 σ
χ ζ 
öxy О уу ayz 
σ
χ ζ
 0 y z σ ζ ζ 
(2 4) 
The principal stresses (ö |, 02, Ö3) are the normal stresses described on the basis of 
the coordinate system (principal axes) which has the property that the shear stresses 
are absent The principal stresses can be obtained by computing the eigenvalues of the 
stress tensor 
| ö x x - t f a 
kxy 
'xz 
xy 
УУ" 
>yz 
'xz 
'yz 
< ί
ζ ζ
- σ | 
1 = 0 (2 5) 
This leads to the stress cubic 
o S - j ) d 2 + J2 a - J 3 - 0 , (2 6) 
with 
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J l = ^ x x + Ö y y + Ö z z . (27> 
J2 = öyxöyy+ öyyO z z • σ
ζ ζ
σ
χ χ
 - öXy2 - σ
γ ζ
2
 - σ
χ ζ
2
, (2 θ) 
J3 = 0xxawazz * 2 öxy< iyz< ,xz " ö x x ö y z 2 " ö y y ö x z 2 " 0ιζϋχγ2 ( 2 9 ) 
To describe physical phenomena which are governed by the stress state, functions of 
the stress components must be used which are independent of the coordinate system 
chosen For the stress tensor there are three such functions which are invariant with 
respect to the coordinate system These are the coefficients of the stress cubic (J|, J2, 
J3) The three invariants can also be expressed tn terms of the principal stresses, in the 
principal stress coordinate system 
J | » θ\ + ö2 + σ 3 < ( 2 , 0 ) 
J2= Ö |Ö2 + σ 2 σ 3 + σ 3 σ 1 ' ( 2 , , ) 
j 3 - a ι ο 2 σ 3 ( 2 , 2 ) 
When physiral phenomena, like plastic flow, have to be described it Is convenient to 
express them in terms of deviatone stresses The devtatortc stresses are obtained by 
substracting the mean or hydrostatic stress (<}m) from the actual stresses 
ö m = J | / 3 (213) 
and for example 
ö x x = Ö x x - Ö m (2 14) 
The invariants of the deviatone stress tensor are (expressed in the original principal 
stresses) 
J l ' - O , (2 15) 
J2' = -1 /6 { (ö | -ö2) 2 + (Ö2- ö 3) 2 + (03-01) 2 ) . (2 16) 
J3 = l /27[12öiÖ2Ö3-3(ö i2 t f2+ σ 1 2 σ 3 + <Í22< Í1+ ö 2 2 ö 3 + d 3 2 ö l + t f 3 2 < , 2 ) + 
2( Ö, 3 +02 3 + Ö3 3 ) ) (2 17) 
To predict failure of the structure a failure criterion Is necessary by which the 
decision can be made whether or not the calculated stress or strain distribution reaches 
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a limit value at some point of the structure In general a failure criterion for an 
isotropic material wi l l have the following form 
f(J|,J2,J3, C], ,Cn) = 0 (2 18) 
It is an equation including the three invariants of the stress tensor (Jj, J2, J3), and of 
material parameters (C|, , Cn), sufficient in number to describe the properties of the 
material adequately 
When materials are considered for which time and temperature dependent behavior (like 
visco-elastic or visco-plastic) is of secondary importance, the time and temperature 
dependence is omitted 
The failure criterion could as well have been expressed in terms of the components of 
the strain tensor, but by excluding time dependent behavior a unique relationship 
between stress and strain exists in the elastic region and therefore the stress 
formulation suffices The deviation from the elastic stress-strain behavior can be 
either yield or fracture In the former case the failure criterion is a yield criterion and 
in the latter a fracture criterion Formulations like (2 1Θ) have been particularly 
successfull in the case of yield failure The onset of yield is not always considered as 
unwanted failure For instance yield may lower the stress concentration at crack tips in 
ductile materials, which is recognized as beneficial for crack resistance 
A criterion for yield must be of the following form, containing the invariants of the 
deviatone stress tensor (Williams, 1973) 
f(J2',J3', C|, ,Cn) = 0 (2 19) 
^ ' is frequently omitted from the equation because also a good agreement with 
experimental data is achieved by not taking it into account (Williams, 1973) 
« J ^ . C p - O (2 20) 
The simplest form to think of is that yielding occurs when J2' reaches a critical value 
(J2 c·) 
J 2 ' " c 1 " J 2 ' - J 2 c ' " 0 . ( 2 2 , > 
which is exactly the criterion formulated by Von Mises [1913], Expressed in principal 
stresses it reads 
( σ , - Ö 2 ) 2 + (02-03)2+ (03-01 )2 = 2 0 γ 2 . ( 2 2 2 ) 
Here ογ denotes the yield strength in tension or compresión Other names associated 
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with this criterion are those of Maxwell [1856], Huber [1904], and Hencky (1924) 
Paul (1968) gives five interpretations of eq 2 22 indicating that yielding wil l occur 
when a critical value of one of the following variables is reached 
1 energy of distortion 
2 octahedral shear stress 
3 mean square of principal components of stress deviation tensor 
4 mean square of principal stress differences (principal shears) 
5 mean square shear stress averaged over all planes 
Figure 2 3 Von Mises cylinder in stress space 
Von Mises criterion can be visualized in three dimensional stress space with 
carthesian coordinates ( d j , Ö2, 03) as a cylinder with axis coinciding with the 
hydrostatic axis (a)=a2*03) and radius (R-/2/3 Ογ) (Fig 2 3) 
The intersection of this cylinder with the (ö],ö2)-plane gives the well known Von 
Mises ellipse for plain stress 
Another criterion for yielding (the maximum shear stress criterion) states that 
yielding wil l occur when the maximum shear reaches a critical value 
max (10,-021/2,102-<*ЗІ/2. ІОз-О^/г) = Ογ /2 (2 23) 
Names associated with this criterion are Tresca [1864], Coulomb [1773], Guest [1900], 
and Mohr [1900] In stress space Tresca's criterion can be represented by a hexagonal 
prism, which f i ts the Von Mises cylinder The plane stress situation shows a hexagon on 
the (σ | .огЬрІапе (Fig 2 4) 
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Figure 2 4 Tresca's criterion on the stress plane 
Where for some materials yielding can be sufficiently described using only the 
second invariant of the deviatone stress tensor, failure criteria for brittle materials 
also need the first invariant of the stress tensor This implies eg that the radius of 
the Von Mises cylinder is a function of the hydrostatic stress Therefore, it is 
convenient, as proposed by Williams (1973), to incorporate the first invariant of the 
stress tensor (or the hydrostatic stress) in the criterion 
f ( J l j J 2 , J C | 1 C 2 ) - 0 (2 24) 
The simplest form is to add the first invariant 
C| J| • J2 --C2 = 0 (2 25) 
This criterion has the possibility to incorporate the difference between compressive 
(оу
с
) and tensile strength (σγ[) as shown by Williams (1973) or in appendix A of 
Chapter б 
(a^z-o^)J\-Z¿2 - <*YctfYt"0 ( 2 2 ί >) 
It is a two parameter (C|, C2) criterion which means that once the compressive 
strength and the tensile strength are known the criterion is fully determined In stress 
space this criterion is represented by a parabolical cone with its apex on the 
hydrostatic axis Its intersection with the (<ï|,ö2)"P , ane IS a shifted, distorted Von 
Mises ellipse in which the ratio of compressive and tensile strength is accounted for 
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Figure 2 5 Drucker-Prager cone in stress space. 
Another criterion based on eq 2 24 was formulated by Drucker and Prager (1952): 
(о
 с
- а
 І
) J) + (ÖYC+ÖYt) </(- З ^ ' ) - 2о
 с
о
 1 = 0 (2.27) 
In stress space this criterion Is represented by a cone with its apex on the hydrostatic 
axis (Fig 2 5) 
Another criterion was originally introduced by Coulomb stating that the magnitude of 
the shear stress I t i on the fractured plane had to equal the sum of the cohesive strength 
(c) plus a fnctional stress μ ο ρ where öp is the normal compressive stress on the 
plane and μ is a material constant (the coefficient of friction)· 
I t i - с - μ ο ρ (tensile stress positive) (2.28) 
Coulomb's criterion is a special case of the failure criterion described by nohr stating 
that failure wi l l occur when the shear stress t on a plane reaches a critical value 
which is a function of the normal tensile stress on that plane: 
I t i = Па) (2.29) 
The function f (ö) has to be determined experimentally by a series of tests in which 
specimens are subjected to various states of stress 
Coulomb-Mohr criterion can be represented on (<i, t ) stress plane In combination with 
Mohr's circle construction (Fig 2 6). 
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tresca 
Figure 2 б Mohr's circle with Tresca (dotted line) and Coulomb criterion 
The criterion can also be interpreted In the principal stress space using two principal 
stresses 
ö i / ö ' Y t - ü-¡/Oyc= 1 , 
ö'Yt = 2СС05ф(1 - зшф), 
Оу
с
 = 2СС05ф(1 + зшф), 
(2 30) 
(231) 
(2 32) 
resulting in the irregular hexagon on the (оі.ОзЬрІапе (Fig 2 7) If <J'\^0\C again 
Tresca's hexagon is obtained (which can also be deducted from eq 2 30) 
Figure 2 7 Coulomb's criterion on the stress plane 
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2 1.2 Theoretical strength 
It can be shown by theoretical considerations (Pascoe, 1981), in which the stress is 
calculated necessary to separate two adjacent layers of atoms, that the cohesive 
strength (c) of an ideal brittle solid is given by 
c = /(EY s /a 0 ), (2.33) 
where E is Young's modulus, γ 5 surface energy per unit area, and a0 the equilibrium 
interatomic spacing If appropriate values (eg for soda glass) for E (* 70 GNm"2), γ 3 
(=1 Jm"2) and a0 (= 2 I0" , 0 m) are taken a value of с » 19 GNm"2 Is obtained, which 
means с « E/4 For most materials a theoretical strength In the order of magnitude of 
E/6 can be calculated based on eq 2.33. 
2 I 3 Fracture mechanics 
The actual strength of brittle materials is normally far below the theoretical 
strength This is caused by the presence of cracks and flaws When applying stress to an 
(elliptically modeled) crack (Fig 2 8) the stress at the ends of the major axis is higher 
than the mean stress (ö) further away from the hole. 
In more ductile materials this high crack tip stress causes yielding of the material 
at the crack tip (blunting of the crack tip). The sharpness of the crack tip disappears 
resulting in a reduction of stress concentration In brittle materials, however, stresses 
at the crack tip wi l l easily exceed the material's strength and cause crack growth 
1 
! d : 
1 <* 
>tlpH 
Figure 2 8 Elliptically modeled crack in a plate gives stress concentration at the crack 
tip, which can be evaluated by means of stress analysis (Inglis, 1913). 
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Hence flaws and cracks in brittle materials require careful consideration The theory of 
fracture mechanics deals with the possibility of crack propagation from existing cracks 
and flaws in materials and structures A stress concentration factor Is defined as the 
ratio of the maximum stress due to a hole, notch, or crack to the mean stress that would 
exist in the absence of the hole etc Inglis (1913) gives the stress concentration factor 
«t at the ends of the major axis of an elliptical crack in a plane sheet of material 
stressed elastically in the direction of the minor axis as 
Kt = 1 + 2/(a/p), (2 34) 
where 2a is the length of the major axis and ρ the radius of curvature at each end of the 
axis The stress there (Otip) is then given by 
ö t l p - K t < i (2 35) 
A sharp (a»p) crack wil l grow If βι,ρ equals the theoretical strength с (combining eq 
2 33 and 2 35) 
</(Еуд/а0) = <7 2 У ( а / р ) , (2 36) 
which yields for О 
σ - / ( Ε γ 5 / 3 ) -/(p/Mao) (2 37) 
When the radius of curvature reaches atomic dimensions (a very sharp crack) It follows 
that 
0 * / [ E Y s / a } (2 38) 
Then Griffith criterion Is found 
It is interesting to notice from eq 2 34 that fy equals 3 for a circular hole (a-p), which 
resembles the air bubbles incorporated in dental composite 
When ρ approaches zero in case of a sharp non elliptic crack, problems arise with 
the stress concentration concept because stress at the crack tip becomes infinite In 
this case stress analysis leads to theoretically infinite local stresses at the crack tips 
in an elastic structure even at small applied loadings 
In fracture mechanics this problem has been approached in two ways In continuum 
fracture mechanics a material is st i l l modeled as continuous and infinitely divisible, 
but cracks are introduced as well One approach is based on the energy balance criterion 
as Introduced by Griffith (1920, 1924) for brittle failure, which states as a necessary 
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condition for crack growth that the total energy of the system must decrease This 
means that the change in strain energy during Incremental crack growth must be equal 
to or larger than the free surface energy of the newly formed crack surfaces during this 
incremental crack extension Later, by also including dlsslpatlve processes (like plastic 
deformation, branching of cracks) which occur In the vicinity of the crack tip during 
propagation (Irwin, 1948, Orowan, 194Θ and1955) the applicability of Griffith criterion 
was extended to materials that exhibit plastic deformation 
When considering an Infinite plate of unit thickness with a crack of length 2a (the 
shape of the crack tip Is not prescribed, It should be sufficiently sharp), Griffith' 
criterion gives the global stress which is necessary for the crack to extend as (Pascoe, 
1981) 
c«/(2EY s /iTa), (2 39) 
or with the Irwm-Orowan modification 
c W ( 2 E ( Y s + Y p ) / i r a ) , (2 40) 
where ys is the surface energy and γ ρ is the work done by plastic deformation in front 
of the crack tip expressed per unit crack surface 
Eq(2 40) is often written as (Broek, 1982, Ewalds and Wanhill, 1984) 
ö c = ^ (EG lc/TTa). (241) 
with G|C the critical value of the strain energy release rate (G|) 
Figure 2 9 The three modes of crack loading Mode I, mode II, and mode III 
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3I i r o ^ a / E (2 42) 
The other approach uses the stress intensity factor (K), which should not be 
confused with the stress concentration factor (!<(•) The stress intensity factor 
describes the stress field near the crack tip thereby avoiding the stress singularity 
Looking at a crack there are three stress intensity factors based on three loading modes 
mode l opening mode, mode II sliding shear mode, mode III rotational shear mode (Fig 
29) 
'УУ 
С 
'xy 
' X X 
θ 
Figure 2 10 Stress components at crack tip 
The stress intensity factor is a parameter depending solely on the geometry of the 
crack tip and it appears in the solution of the elastic crack tip stress field (Fig 2 10) 
(Broek, 1982, Ewalds and wanhiii, 1984) 
«t j"K| /^(2irr) f j j i e ) , (2 43) 
with г and θ polar coordinates and K| (for an infinite plate with crack 2a) 
K|-<?-/(ira) (2 44) 
In general K| can be written as 
K| -оУ(ттаН(д), (2 45) 
where f(g) is a function depending on the geometry of the specimen or structure 
It is assumed that for a given material a crack will grow when the stress intensity 
factor reaches a limit value, characteristic for that material This critical value of the 
stress intensity factor (K|C) is assumed to be a material's parameter From eqs 2 42 and 
2 44 the relationship between K| and G| for plain stress in linear elastic materials 
becomes clear (Broek, 1982) 
CHAPTER 2 26 
G| = K|2 / E (plain stress), 
6| = ( l - v 2 ) K | 2 / E (plainstrain), 
with ν Poisson's ratio For mode II and mode III the expressions are 
G,, = ( l - v 2 ) K | | 2 / E , 
G|||-(1*V)K|||2/E 
(2 46) 
(2 47) 
(2 48) 
(2 49) 
The crack opening displacement (COD) as well as the J integral (Rice, 1968, Broek, 
1982, Ewalds and Wanhill, 1984) are essentially elastic-plastic fracture mechanics 
parameters for crack growth They are intended to describe crack growth in materials 
that exhibit limited plasticity In the crack tip region, but that does not prohibit their 
use in linear elastic fracture mechanics problems 
The COD, which is measured by the displacement of the crackflanks (Fig 2 I I ) , is a 
measure of the amount of crack tip plastic strain and it is expected that for a particular 
material i t has a critical value at the onset of fracture Its main disadvantage as a 
fracture criterion (Ewalds and Wanhill, 1984) is that except for an infinite plate it is 
not possible to derive suitable formulae for practical geometries 
The J integral (Rice, 1968) is a path independent contour (2D analysis) or surface (3D 
analysis Bakker, 1984) integral The integral characterizes the stress singularity and 
plastic region at the crack tip, which must be inside the contour or surface 
COD 
Figure 2 11 Crack opening displacement Figure 2 12 Contour Γ and parameters 
for J integral definition 
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Basically the J Integral concept Is based on the energy balance approach and it is the 
non-linear elastic equivalent of G and therefore in the linear elastic case equal to G by 
definition 
The J integral can be expressed as follows (Fig 2 12) (Broek, 1982, Ewalds and 
Wanhill, 1984) 
Эіі 
J= jWdy - J I — ds, (250) 
with W the strain energy density 
e
f'J W=Jö, jdC 1 j (l,J=1,2) (251) 
0 
and Τ the traction vector loading that part of the body surrounded by the contour and 
thereby resulting in a displacement (vector u) 
T j - ö i j n j , (252) 
where Q is the normal vector on line segment ds 
dovanola (1984) compares J integral with COD concept and summarizes several 
advantages of J integral above COD The J integral concept is analytically well founded 
and defined, it has a global as well as a local character, it is useful m numerical 
calculations, and it is relatively easy measurable Therefore, and also because the J 
integral can be calculated by FEA, the J integral will be used in this thesis 
Material analysis 
If fracture mechanics is used to analyze material behavior it has the possibility to 
estimate the inherent flaw size of the defects in the material It can be deduced from 
eq 244 that once the tensile strength and the critical stress intensity factor of a 
material are known, the inherent flaw size (ac) can be calculated as 
a c - 1/ir(K|C /o t)2 (2 53) 
The inherent flaw size is the size of an equivalent macroscopic crack, which results in 
the same strength of the material as do the anatomical and morphological defects (in 
case of enamel and dentin) or microstructural voids and cracks (in case of composites) 
present in the material However, the inherent flaw size is only an arbitrary measure 
for the size of these effects with no relation to their actual dimensions, because not 
only the size of these effects but also their interspacing is of importance for the global 
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strength of the material (van Eist, 1985) Natural materials must be taken as they are, 
but the strength of man-made composites may be improved when research is focussed 
on the weak sites In relation to that, fatigue crack growth and the reduction in strength 
can be measured, followed by the estimation of lifetime However, fatigue and cyclic 
loading conditions are beyond the scope of this thesis 
Structural analysis 
In structural analysis, fracture mechanics is applied to structures with cracks The 
purpose is to determine the strength of the structure Continuum mechanics stress or 
stram criteria are not applicable due to the stress singularity at the crack tips The 
main goal of this thesis Is the determination of the mechanical strength of a restored 
tooth 
Another stress singularity may arise at the end of a two-material bond line (DeVnes 
and Anderson, 1979) This implies that the applicability of a strain or a stress criterion 
may be questioned when linear elastic analysis is used Besides, inherent flaws and 
cracks in the highly stressed region have become more important as failure initiators 
DeVnes and Anderson (1979) used an adhesive fracture mechanics approach because it 
has the potential to A identify and/or design the best test for evaluating a given 
adhesive, В define the best and most meaningful fundamental parameters by which an 
adhesive might be characterized, and С make use of these parameters to design joints 
systematically and optimally, and to predict their strength and performance 
2 2 Dental tissues and materials 
2 2 1 Enamel 
According to Waters (1980) enamel (content Inorganic 97%, organic IX, water 2% by 
weight) being the most inorganic material of the body has a structure built up with rods 
or prisms (thickness about 4 urn) (Fig 2 13a), which are oriented in a wavy course from 
the dentino-enamel Junction to the outer surface of the enamel The inorganic material 
exists of hexagonal shaped hydroxyapatite crystallites, which can be represented 
chemically by the empirical formula CastPO^iOH) (thickness 25 nm, width 40-120 
nm, and length 160-1000 nm) It Is the orientation of the crystallites in the prisms that 
gives the prisms their key-hole or fishscale like cross-sectional shape (Monroe, 1981) 
The enamel structure has a distinct preference to fracture parallel to the direction of 
the prisms (Rasmussen eta/, 1976) 
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Figure 2.13: SEM photographs of a: enamel prisms, b: dentin tubules, c: composite (Silar 
with microfilled prepolymerized f i l ler particles). 
2.2.2 Dentin 
Dentin (content: inorganic 69%, organic 20%, water 11Ж by weight) can be 
characterized by the dentinal tubules (Fig 2 13.b) directing from the pulp to the 
dentino-enamel junction. Their diameter varies between 4 um near the pulp to 1 um at 
the other end They are filled with odontoblastic processes and surrounded by a highly 
calcified layer the peritubular dentin The hydroxyapatite crystals are much smaller in 
the dentin than in the enamel diameter 3 nm and length 64 nm The organic substance 
between the tubules contains collageneous fibrils (thickness 03 um), which are 
generally lying in planes perpendicular to the tubules, and a ground substance of 
proteoglycans. There is a small preference for dentin to fracture parallel to the 
aforementioned planes (Rasmussen eta/., 1976). 
The natural bond in vital teeth between dentin and enamel, the dentino-enamel 
junction, appears to be strong enough to ensure proper functioning of the structure of a 
sound tooth Rasmussen (1984) tried to measure the work of fracture for the 
dentino-enamel junction He found that it was almost impossible to separate dentin 
from enamel. The work of fracture values for fracture close to the dentino-enamel 
junction were not significantly less then the work of fracture values for parallel 
failure of dentin (Rasmussen età/, 1976). 
2.2.3 Composite 
Dental composites are a mixture of organic resin from monomers with a high 
molecular weight and inorganic filler particles (Fig 2 13 c) A commonly used monomer 
is Bis-GMA or Bisphenol A glycidyl methacrylate. According to Lutz and Phillips (1983) 
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and Lutz et al (1983) composites can be classified as conventional composites, 
containing silica particles (average size 5-30 urn, up to 70 % by weight), microfine 
composites (average particle size 004-0 I urn, content 50-70% wt), and hybrid (for 
posterior use) composites (average particle size 1-10 urn, content 80% wt) By varying 
the filler content, the Young's modulus of the composite can by varied (Soderholm, 19B5, 
Bis-GMA E - 3 72 GNm"2, glass E - 60 GNm"2) The polymerization reaction is either 
initiated by a chemical or a photo-chemical system The chemically Initiated composite 
consists of two pastes which are mixed together during 30 seconds, whereafter the 
dentist has a working time of 90 seconds to insert the mixture into the cavity After a 5 
minutes setting time the restoration is ready to be finished by contouring and polishing 
its surface A photochemically initiated composite consists of only one paste and has 
some advantages Mixing, resulting in incorporation of air bubbles. Is not necessary 
Theoretically the dentist has an unlimited working time whereafter setting is 
commanded with a commercially available device having a halogen lamp as light source 
The mechanical properties of enamel, dentin, and composite like Young's modulus (E), 
Poisson s ratio (ν), tensile strength ( σ ^ · compressive strenght ( o c ) , stress intensity 
factor (K|C), and critical crack length (ac=1/ir(K|C/ö t)2) are given in Table 2 1 
Table 2 1 Typical values of mechanical properties of enamel, dentin, and composite, 
E Youngs modulus, ν Poisson's ratio, <i c compressive strenght, ϋ^ 
tensile strength, K|C stress intensity factor, and ac critical crack length 
(Waters, 1980, Peters, 1981, Smith, 1985) 
E 
(109Nm· 
enamel 20-80 
dentin 13 
composite 
conventional 10-20 
microfine 4-6 
posterior 10-20 
"2) 
V 
03 
03 
03 
03 
03 
* c 
( 1 0 6 Ν Γ Ϊ Γ 2 ) 
200-400 
250-350 
250-300 
190-260 
300-380 
* t 
dOÖNm' 
10-35 
50 
40-60 
25-40 
45-70 
-2) 
«le 
(10 6 ΝΓΪΓ 
07-127 
3 08 
15 
1 
15 
3/2) 
ас 
(10"3m) 
05-15 
1 
0 2-05 
02-05 
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22 4 Adhesion 
Introduction 
While adhesive failure was defined in section 2 1, adhesion can be defined as a 
mechanical connection between to materials which to some extent can transfer forces 
This is in good agreement with the definition of an adhesive as given by Kinloch (1980) 
'An adhesive is a material which when applied to substrate surfaces can join them 
together and resist separation" Analogous to this definition a dental resin based 
composite used as a restorative material can be regarded as an adhesive It has the 
possibility to establish a connection with other materials (enamel and dentin) and to 
produce adhesion 
The advantages of adhesives above other techniques (like screwing and welding) to join 
structura) components (Kinloch, 1980), also being applicable to composite fill ing 
material are A Improvement in the stress distribution in the joint, as shown eg by 
Peters and Poort (1983) for a not-bonded or a bonded amalgam fill ing В Increase in 
design flexibility 
The surface conditions of the substrate should be such that the adhesive can get in 
close contact with the substrate necessary to obtain a strong bond Therefore, an 
adhesive should have the following properties (Kinloch, 1980) A a zero or near zero 
contact angle В a relatively low viscosity at some time during the bonding operation 
¿ ' 7 ^ ^ Figure 2 14 Drop of liquid on substrate 
> лгТТТ^ ..ТТТТ^*·"'** ··>>>>·. with non zero contact angle 
\ "/, /, ///' //////// // '///, // À 
When the contact angle is greater than zero (Fig 2 14) the liquid is nonspreading but 
when the contact angle equals zero the liquid wets the solid completely and 
spontaneously and spreads freely over the surface at a rate depending on the liquid 
viscosity Even with a nonzero contact angle it is possible for a liquid to spread and wet 
a solid surface but this requires the application of a pressure or a force Also surface 
Irregularities like fine pores, scratches and other inhomogeneities may enhance 
spreading of the liquid Special care should be taken to avoid air entrapment during the 
bonding operation The air bubbles will act as weak sites due to stress concentration 
and consequently lower the joint strength The bonding environment is of great 
importance because vapor, even a low relative humidity, wi l l reduce the surface free 
energy of the substrate thereby preventing the spreading of the adhesive 
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Principles 
Theories 
Following the outline of the review articles on the science of adhesion by Kinloch 
( 1980, 1982) the four adhesion theories mentioned will be briefly discussed 
Mechanical Interlocking 
To achieve mechanical interlocking flowing of the adhesive into holes and 
irregularities of the substrate during application and hardening afterwards are 
necessary (Fig 2 15) However, the fact that good adhesion is also observed between 
smooth surfaces shows that this theory is not generally applicable 
Figure 2 15 Mechanical interlocking 
Diffusion theory 
The diffusion theory of adhesion explains adhesion of high polymers to themselves, 
and to each other, by mutual diffusion of polymer molecules across the Interface 
Therefore it is necessary that the macro molecules (adhesive and substrate) possess 
sufficient mobility and are mutual soluble When dental composite resins 
(thermosetting polymers) are considered, this theory is not applicable During 
polymerization of the resin a highly crosslinked network of immobile polymer molecules 
is formed 
Electronic theory 
The electronic theory suggests that adhesion can be obtained by electrostatic forces 
arising from contact or junction potentials, when the adhesive and substrate with 
different electronic band structures are brought in close contact On contact there will 
be some electron transfer which will result in the formation of a double layer of 
electrical charge at the interface Although reviewed by Kinloch (1980), this theory 
seems less useful to explain adhesion in the composite-tooth tissue system because at 
least one of the two materials (adhesive or substrate) should have metallic properties 
Adsorption theory 
The adsorption theory of adhesion (Kinloch, 1980) Is the most generally accepted 
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theory This theory proposes that, provided sufficiently close intermolecular contact is 
achieved at the Interface, the materials wil l adhere because of the surface forces 
acting between atoms in the two surfaces Two types of adsorption may occur the ionic, 
covalent and metallic bonds present In case of chemlsorptlon and referred to as primary 
bonds and the ever present van der Waals forces referred to as secondary bonds (a 
dispersion or London forces arising from internal electron motions which are 
independent of dipole moments, b polar or Keesom forces arising from the orientation 
of permanent electric dipoles and the induction effect of permanent dipoles or 
polanzable molecules The dispersion forces are normally weaker than the polar forces, 
but they are universal and all materials exhibit them) Because they result in stronger 
bonds, the primary bonds are preferable but the secondary bonds could theoretically give 
acceptable bond strength Experimentally, however, this theoretical strength of joints 
is not obtained The same discrepancy is observed between the theoretical and 
experimental strength of materials and can be explained by intrinsic stress 
concentrators like air voids, cracks, defects and external stress raisers such as 
geometry The stress concentration leads to failure of the Joint or material at external 
stresses below the theoretical value Again, attention is drawn to the importance of 
close molecular contact at the interface and a bonding operation which reduces the 
entrapment of air 
Methods for obtaining good adhesion 
Surface preparation 
In dentistry the surface preparation can be divided into two parts, which are acid 
etching and surface modification by the application of several types of monomers Since 
Buonocore (1955) has introduced acid etching of the enamel to improve the adhesion of 
acrylic filling materials it is generally believed that acid etching alters the enamel 
surface such that mechanical interlocking is the main factor for bond improvement 
However, as Buonocore has indicated, the improvement of the adhesion may be favored 
by A enlargement of the surface area, В the exposition of the organic framework of 
enamel which serves as a network in and around which the acrylic can adhere, С 
formation of a new surface due to precipitation of new substances, D removal of the 
old, fully reacted, and Inert enamel surface layer, exposing a fresh layer, more reactive 
and favorable to adhesion, E the presence on the enamel surface of an adsorbed layer of 
highly polar phosphate groups, derived from the acid used and thereby an increase in 
surface free energy 
The following enamel etching technique used in practice gives good bonding results 
and is sufficiently independent to variation in time length during which the different 
stages are carried out Drying of the substrate surface with compressed air, free of oil 
and other contamination, is followed by the application of 35X phosphoric add (fluid or 
gel), etching time one minute, removal of the etching agent with waterspray, during с 
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30 s, and again drying with compressed air, с 30 s These figures are based upon 
research including acid, fluid or gel (Brannstrom et al, 1982), concentration (Gottlieb 
et al, 1982, Gross et al, 1984, Manson-Rahemtulla et al, 1984, Retief et al, 1985), 
etching time (Brannström and Nordenvall, 1977, Schmidt and Gokel, 1982), procedure 
(Retief, 1973, Beech and Jalaly, 1980, Bates et al, 1982), and effect on the enamel 
substrate surface (Jorgensen, 1975, Davidson and Bekke-Hoekstra, 1980, Nordenvall et 
al, 1980, Lehman and Davidson, 1981, Hicks and Silverstone, 1983, Silverstone, 1983) 
Etching of dentin is more controversial and perhaps Justifiable only in non-vital 
teeth It removes the smear layer (Brànnstrom and Nordenvall, 1977, Dippel,1980) and 
widens the dentin tubules, which is expected to give better adaptation of the composite 
resin by resin tag formation (Marentis and Bradford, 1977, Asmussen and Munksgaard, 
1985) However, it does not result in higher bond strength (Bowen, 1985, Nolden, 1985) 
It is not generally recommendable, while monomer penetration through the opened 
tubules might induce pulpal irritation On the contrary Brannstrom and Nordenvall 
(1978), Torstenson et al (1982), Brännstrom (1984) state that pulpal irritation Is 
mainly caused by bacterial growth under the fill ing when the cavity walls are not 
properly cleaned before insertion of the composite resin 
Normally by enamel etching sufficiently reliable joints with composite resin can be 
established, thus further surface treatment is not necessary Because dentin etching is 
not recommended several methods are developed and tested to modify either the organic 
part or the Inorganic part to adapt it for bonding (Buonocore et al, 1956, Brannstrom 
and Johnson, 1974, Adriaens, 1983, Brannstrom étal, 1983, Stanford, 1985, Stanford 
et al, 1985) Even modification and consolidation of the smear layer is attempted to 
give an Improvement In bond strength 
Clearfil bond system (Fusayama et al, 1979) containing 4 methacryloxy ethyl-
phenyl phosphoric acid is supposed (Munksgaard et al, 1984) to function by bonding of 
its phosphate group Lo the cdlcium in the apatite lattice Scotchbond (Causton, 1984, 
Hansen, l9B4a) containing a modified Bowen monomer (BIsGMA) where a hydroxyl group 
is estenfied by chlorophosphonc acid is likely to act by the same mechanism as does 
Clearfil 
Nakabayashi (1985) advocates the concept that monomers with hydrophobic and 
hydrophinc groups are effective in conferring adhesion to hard tissues Adhesion is 
promoted by these groups, which are reactive with apatite and/or collagen Nakabayashi 
reports bond strengths of composite to dentin up to 18 + 6 MN/m2 m vitro The dentin 
was first etched with a 3 percent feme chloride in 10 percent citric acid solution 
whereafter 4-META/mA-TBB monomer resin was applied on the surface (5 percent 
4-methacryloxyethyl tnmellitate anhydride added to methyl methacrylate, tn- /?- butyl 
borane buffered) The high bond strength was not dependent upon mechanical 
interlocking at the dentinal tubules The ferric chloride added to the citric acid 
protected dentinal collagen during déminéralisation, which was not the case when the 
strong phosphoric acid was used The lipophilic monomers promote the interpénétration 
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of monomers Into the hard tissues, where the methacrylates polymerize 
Bowen has investigated procedures for bonding composite to dentin (Bowen, 1965a, 
1965b, 1965c, igeSd, 1965e, 1980, Bowen and Cobb, 1983) Recently Bowen (1985) 
claimed a succesful dentin (as well as enamel) bonding procedure resulting 1n bond 
strengths averaging about 14 MN/m^ in vitro The procedure consists of sequential 
application of three solutions The first, a solution of ferric oxalate (6 8 per cent 
aqueous solution of ferric oxalate hexahydrate Ре2(С204)з 6H2O) conditions the dentin 
or enamel surface during about 60 s, followed by washing the surface with running 
water for 10 s, and drying with compressed air for 10 s The second is a 10 per cent 
acetone solution of a surface-active compound applied for 60 s Bowen has found three 
such compounds to be effective the addition reaction product of N-phenylglycine and 
glycldyl methacrylate (NPG-GMA), the adduct of N(p-tolyl)glycine and glycidyl 
methacrylate (NTG-GMA), and N-phenylglycine (NPG) The third is a 5 per cent acetone 
solution of the addition reaction product of pyromellitic dianhydnde and 
2-hydroxyethylmethacrylate (PMDM) applied for 60 s This monomer resembles 
di methacrylate used in composites and corresponds in principle to the use of a bonding 
agent but produces stronger bonds The application of the acidic ferric solution alters 
the enamel surface in the same way (observed by SEM) as a phosphoric acid solution but 
on the dentin surface it seems to dissolve the disturbed or smeared surface layer, 
partially decalcify a shallow region of intertubular dentin, and deposit on this an 
adherent, rigid insoluble network structure The acetone solution of NPG, NPG-GMA, or 
NTG-GMA provides an excess of a surface active compound that can form chelate 
complexes with surface ferric ions Excess is removed by application of acetone solvent 
whereafter the PMDM can react with molecules of the complex surface-active compound 
bonded directly to rigid substrate It Is assumed by Bowen that these reactions occur on 
the surfaces within the pores of the altered dentin and enamel surface structures 
In various studies Asmussen and coworkers (Asmussen and Munksgaard, 1983, 1984, 
Hansen, 19В4а, 1984b, Munksgaard and Asmussen, 1984, Asmussen, 1985, Asmussen and 
Munksgaard, 1985, Jorgensen et a^ 1985, Munksgaard et al, 1985) have developed a 
method to obtain bonding to dentin by means of modifying the organic part of the dentin 
The best results were obtained by first removing the smear layer from the dentin by 
treatment with 05 M EDTA (ethylene diamine - tetraacetlc acid, neutralized to pH 7 4 
with NaOH, sodium hydroxide) followed by application of an aqueous mixture of an 
aldehyde and an active monomer, either propionic aldehyde 10 per cent and НЕМА 35 per 
cent (hydroxyethyl- methacrylate) or GLUMA glutaraldehyde 5 per cent and НЕМА 35 per 
cent The procedure resulted In bond strengths in vitro of 15 and 18 MN/m2 
respectively 
A comparison of dentin bonding procedures (Munksgaard et ai, 1984, Hansen and 
Asmussen, 1985) revealed the following order of increasing bond strength Clearfil, 
Scotchbond, NPG-GMA+PMDM, 5uperbond, and GLUMA. 
McLean et al (1985) proposed to use glass lonomer cements, which have good bonding 
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properties to dentin, as an Intermediate layer between composite and dentin 
Bonding operation 
To assess the wetting possibilities on tooth surfaces and other dental materials, 
contact angle measurements are commonly used (Jendresen and Glantz, 1980, 1981, 
Jendresen et al, 1981, de Jong, 1984) Wetting of the enlarged etched enamel surface, 
has been found to improve by the use of unfilled resin (Hormati et al, 1982, Xu 
Heng-Chang et al, 1983, Hansen, 1984b, Ovist and Ovist, 1985a) Although this is 
contradicted by others because the unfilled resin has the same composition as the resin 
part of the composite, thereby having the same viscosity and contact angle (Jorgensen 
and Shimokobe, 1975, Asmussen, 1977b, 1977c, Prévost et al, 1984, Sherman et al, 
1984), it has a lower viscosity than the composite as a whole and it wi l l wet the 
enamel surface more rapidly In combination with a chemically curing composite resin 
the rapid wetting of the unfilled resin is of great practical importance to assure 
complete contact before the composite has set In combination with a light curing 
composite this advantage is less pronounced 
Most dentin surface preparative techniques include or are followed by unfilled resin 
application 
- Unfortunately bonding is counteracted by polymerization shrinkage stresses of the 
composite (Bowen, 1967, Asmussen, 1975, Hegdahl and Gjerdet, 1977, Bausch et al, 
1982, Hansen, 1982a, 1982b, Bowen et al, 1983, Hansen, 1983, Davidson et al, 1984, 
Jorgensen and Hisamitsu, 1984) Although it may be less severe by stress relaxation 
connected with viscous flow during the early stage of the setting time (Davidson and de 
Gee. 1984) 
2 3 Experimental methods 
2 3 I Stress and strain criteria testing 
Each of the possible experimental methods to test the mechanical strength of a 
material or an interface must be considered in view of its applicability to small 
specimens inherent to testing of human dental tissues It depends on the number of the 
parameters involved in a stress/strain criterion how many tests, each having a 
different stress/strain distribution, must be carried out In case of the two parameter 
criterion at least two different tests are necessary and it is good to have a third as a 
check Possible tests are the tensile test, either a pure uniaxial tensile test (Fig 2 16) 
or a diametral tensile test (Fig 2 17) to determine the tensile strength, the compression 
test (Fig 2 IB) to measure the compressive strength, the shear test (Fig 2 19), in which 
usually a combination of stresses is measured, and the bend test (Fig 2 20), to measure 
tensile strength 
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Figure 2 16 Tensile test 
1 
Τ 
Figure 2 17 Diametral tensile test 
Τ 
Figure 2 18 Compression test Figure 2 19 Shear test 
7 7 Ir 
Figure 2 20 Three point bend test Figure 2 21 Blister test 
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The uniaxial tensile test, especially with small specimens and brittle materials 
gives problems with fixation, application of the forces, and alignment The diametral 
tensile test was developed for brittle materials but care must be taken with stresses 
arising in the contact areas This method is, however. Inconvenient for testing the 
adhesive strength The compression test is suitable for compressive strength 
measurements, but stresses in the contact area play an Important role in the eventually 
measured strength Adhesive strength can not be measured in a compression test Shear 
testing in dentistry usually claims to measure a kind of shear stress but usually It is 
more a kind of bending strength 
The three point bend test has the following advantages with respect to small 
soecimen testing failure occurs in a non-contact area, which means that failure 
stresses can be calculated accurately, reproducible alignment can be obtained. It can be 
used for both material and interface testing, controlled fracture experiments can be 
conducted, in which the fracture energy is measured, it can be used as a standard K|C 
and J|C test 
it is an important fact that the observed tensile strength, compressive strength, 
shear strength, and bending strength are all some kind of averaged stresses, calculated 
by dividing the fracture load by some cross-sectional area However, the stress 
distribution in these test geometries is by no means uniform, which implies that in fact 
the stress distribution of the test geometry should have been analyzed first, whereafter 
a stress/strain criterion should have been applied to give the strength 
A series of standard tests for adhesive strength testing is described by Kinloch, 
( 1982), Anderson et al, (1977) but it is hard to apply them to dental adhesive testing, 
with the exception of perhaps the blister test (Fig 2 21) 
The practical strength of an adhesive interface depends on a complex relationship 
between stress distribution, specific adhesive fracture energy and the size and shape of 
mterfacial defects (OBnen and Rasmussen, Ι9Θ4) Bond strength test configurations 
are usually designed to measure tensile and shear failure Also transverse, torsion or 
combined shear-tensile tests have been reported in literature In dentistry only a few 
bond strength tests are accompanied by adequate stress analysis (Anusavice et al, 
1980) 
2 3 2 Fracture mechanics testing 
Two standard tests are available to determine the plain strain stress intensity 
factor K|C the compact tension specimen (Fig 2 22), and the single edge notched bend 
specimen (Fig 2 23)(Broek, 1982, Ewalds and Wanhill, 1984) Mathematical expressions 
are available for these specimens to calculate the stress intensity factor from the 
dimensions of the specimen and the fracture load 
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Figure 2 22 Compact tension specimen Figure 2 23 5ENB specimen 
For the single edge notched bend (SENB) specimen the equation for K| reads 
Ρ 5 3(a/W) ' / 2 [ 1 99-a/W( 1 -a/W)(2 15-3 93a/W+2 7(a/W)2] 
K|= , (2 54) 
B W 3 / 2 2(1*2a/W)(l-a/W)3/2 
with Ρ load, 5 span , В thickness of the specimen, w width of the specimen, and a 
notch depth (Srawley, 1976b) 
The critical value of the strain energy release rate (G|C) can be taken using the 
critical value of the stress intensity factor (K|C) according to eq 2 47 
The crack opening displacement (COD) testing requires accurate measurement of the 
opening of a small crack and is therefore difficult to perform on small dental 
specimens For this reason this fracture mechanics parameter wi l l not be considered in 
the sequel 
The standard test for determination of the J integral (J) also uses compact tension 
and single edge notch bend specimens as for K|C testing Load-displacement records are 
made during the test, whereupon J is calculated for the SENB specimens according to 
2 ÍPdu 
J - a/W>0 5 , (2 55) 
В (W-a) 
with Ρ the load, u the displacement, a notch depth, В thickness, and W width of the 
specimen (Rice etal^ 1973, and Srawley, 1976a) 
CHAPTER 2 40 
2 3 3 Related testing 
Various methods are employed in dentistry to evaluate the composite-enamel and 
composite-dentin bond The change in morphology in dentin observed after extraction by 
a decline in the bond strength of polycarboxylate cement (Causton and Johnson, 1979) 
makes the results obtained from in vitro dentin adhesion tests unreliable They advise 
to store the extracted teeth in the refrigerator to slow down the changes that take 
place after extraction, but it is better to use fresh teeth within twenty minutes after 
extraction The absence in vitro of the liquid emanating from the dentin tubules in a 
cavity preparation in a vital tooth and thus the possibility to prepare a dry and clean 
dentin surface results in higher bond strengths in vitro Evaluation of marginal 
adaptation (Asmussen, 1978) and microleakage (reviewed by Going, 1972, Bauer and 
Henson, 1984), influenced by thermal cycling, is often used to test the filling-tooth 
joint Dye diffusion tests (Kidd et al, 1978, Raadal, 1979, Retief et al, 1982b, Davis et 
al, 1983, Reinhardt and Vahl, 1983a, Amsberry et al, 1984, Dumsha and Biron, 1984a, 
1984b, Crlm et al, 1984, Knappwost et al, 1984, Nolden and Schwlckerath, 1984, 
Reinhardt et al, 1984, Gordon et al, 1985), bacterial penetration tests (Ovist and Ovist, 
1977, Ovist, 1980, 1983, 1985), radioactive markers (Eliasson and Hill, 1977, Hembree, 
1983, 1984, Hembree and Taylor, 1984, 1985), conductlmetnc techniques (Jacobsen and 
von Fraunhofer, 1975, von Fraunhofer and Hammer, l9B4),clinical observation by eye 
(Hansen et al, 1984), light microscopic (Asmussen and Jorgensen, 1972, 1973, 
Asmussen, 1974a, 1974b, 1977a, Ovist et al, 1985) or scanning electronic observation 
(Lee and Swartz, 1970, Bames, 1975, 1977a, 1977b, 1977c, 1977d, Roulet et al, 1984, 
Sherman et al, 1984, Ovist and Ovist, 1985a, 1985b) of the Interface are used as 
evaluation techniques 
2 4 Modeling the crack tip 
As the stress and strain distribution of a restored tooth is difficult to analyze 
analytically because of the complex geometry, it is preferable to use FEA Not only the 
stress distribution can be calculated by FEA but also fracture mechanics parameters, 
which are necessary to describe failure of a structure having a crack Before paying 
attention to the calculation of the J integral by FEA, f irst the modeling of the strain 
field around the crack tip is considered According to Bakker (1984) and Bank-Sills and 
Bortman (1984) the 1/-/r singularity of the crack tip stram field for linear elastic 
material behavior can be obtained by using normal eight noded isoparametric elements 
around the crack tip and shifting the mldside nodes to a 1/4 position (Fig 2 24) An 1/r 
singularity of the strain field is modeled by collapsing a quadrangular element to a 
triangle (Fig 2 25) Using collapsed elements with quarter point nodes both l/Vr and 
l / r singularities can be modeled 
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Figure 2 24 Quarter point nodes at tip Figure 2 25 Collapsed element 
To calculate the J integral in FEA it is indeed possible to determine the value of the 
integral as introduced by Rice (1968) (eq 2 50) by following a contour through the 
element mesh (Bakker, 1984) Another possibility also described by Bakker (1984) or 
DeLorenzi (1985), but Introduced by Parks (1974) and Hellen (1975), is the virtual crack 
extension method In this method a ring of isoparametric elements around the crack tip 
is deformed by displacing the nodes inside the ring over a small distance into the 
direction of crack growth (Fig 2 26) The difference in strain energy due to this 
deformation divided by the area by which the crack has grown during the virtual 
displacement gives the value of the J integral or the strain energy release rate The 
crack tip elements should have a size of one f i f th of the crack length 
l i i 
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Figure 2 26 Virtual crack extension by 
giving four elements a small 
displacement 
A finite element model of a 5ENB specimen with notch depth width ratio a/W=1/2, 
which conforms to the requirements stated before and based on an example given in the 
demonstration manual of the finite element program MARC (1984), is shown in Fig 2 27 
(SENB1) In this model there are three concentric rings of elements and to each of them 
a virtual crack extension can be applied The calculated values of the J Integral (Jp^) 
should be the same and are given m Table 2 2 as are the reaction forces (Ppg) By 
assuming linear elastic material properties the J integral can be written as a function 
of Young's modulus and load (P) 
J j • δ Ρ2 / E , (2 56) 
where the constant & depends mainly on the geometry of the specimen and the crack 
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Figure 2 27 FEA model of SENB1 specimen showing deformed structure 
Figure 2 25 FEA model of 5ENB2 specimen showing deformed structure 
Figure 2 29 FEA model of SENB3 specimen showing deformed structure 
Figure 2 30 FEA model of 5ENB4 specimen showing deformed structure 
Figure 2 31 FEA model of 5EN65 specimen showing deformed structure 
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For this reason δ (also given In Table 22) will be used to compare different element 
meshes and b is calculated from Jp^, Pp ,^ and Ep^ 
0 » J F E E F E / P F E 2 (2 57) 
The influence of deviation from the optimal crack tip model was investigated A 
model (5ENB2) with a coarser grid is shown in Fig 2 2Θ and a finer grid (5ENB3) in Fig 
2 29 Results are given in Table 2 2 By remodeling the latter meshes with notch depth 
width ratios a/W=l/4 and 3/4 were produced Two meshes with 
quadrangular crack tip elements, a coarse (5ENB4 Fig 2 30) and a fine one (SENB5 Fig 
2 31), were made to investigate the effect of not using collapsed crack tip elements 
Table 2 2 Comparison of J integral values from different element meshes 
of SENB specimens JpE calculated J integral, Ppp reaction 
force, δ constant (eg 2 57) 
Specimen 
SENB1 ring) 
ring2 
nng3 
SENB2 
SENB3 
SENB4 
SENB5 
Figure 
2 27 
2 26 
2 29 
2 30 
231 
crack tip 
nodes 
1/4 
1/4 
1/4 
1/2 
1/4 
1/2 
1/4 
JFE „ 
ur2) 
2 704 
2 698 
2 708 
2908 
2661 
2 770 
2675 
2663 
2 660 
PFE 
(N) 
0 3029 
0 3029 
0 3029 
0 3663 
0 3001 
0 3656 
0 3333 
03140 
03014 
δ 
( IO 9 m" 3 ) 
29 47 
29 40 
29 52 
2168 
29 55 
20 73 
2408 
27 02 
29 29 
From Table 2 2 It can be concluded that, although crack tips are modeled best by 
collapsed elements with quarter point nodes and an element size of about one fifth of 
the crack size as used in the mesh of Fig 2 29, using a mesh as simple as in Fig 2 30 
results in a deviation from the correct value of 30% For structural analysis J integral 
calculation with FEA is needed twice, once m calculations accompanying the 
experiments to determine the critical value of the J integral, once to calculate the 
value of the J integral m the loaded structure Hence four cases can be discriminated If 
an optimal mesh has been chosen In critical value determination of J Integral as well as 
determination of J integral in the structure, the results are supposed to be reliable If a 
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simple mesh is used to determine the critical value of the J integral, this critical value 
is underestimated This results in underestimated strength of the structure, in case the 
structure is analyzed with an optimal mesh, and in a probably correct strength 
estimation when the structure is also analyzed with a simple mesh However, If an 
optimal mesh is used in critical value determination and a simple one in structural 
analysis, the strength of the structure is overestimated, which is an undesirable 
condition but manageable in case the amount of overestimation is known 
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3 J Integral FEA Parameters Study 
During the course of the research project described in this thesis it was felt 
necessary to investigate the influence of variation of certain parameters on the J 
integral calculated by FEA In this chapter the effect of variation of the following 
parameters wil l be described Poisson's ratio, Young's modulus, notch depth width ratio, 
and the round end of the saw-cut 
3 1 Poisson's ratio 
Values for the Poisson's ratio of dental composite are rarely found in literature 
Measurement 1s difficult and requires special techniques (ultrasonic measurement of 
elastic constants, Whiting and Jacobson, 1980) or special specimen design (Finger, 
1974) Therefore, the influence of Poisson's ratio on the value of the J integral was 
investigated using SENB3 (Fig 2 29) The results are given in Table 3 1, Jpg is the J 
integral calculated with FEA, Ppp is the reaction force (the displacement was 
prescribed), and b depends on the geometry of the specimen 
Table 3 1 J integral as a function of Poisson's ratio (v) Jpç J integral 
calculated by FEA, Ppp reaction force, δ constant (eq 2 57) 
V 
0 05 
010 
015 
0 20 
0 25 
0 30 
0 35 
040 
0 45 
049 
0 495 
J F E
, (Jm-2) 
2 420 
2453 
2 466 
2 524 
2 585 
2661 
2 754 
2 867 
3 052 
3 242 
3 308 
PFE 
(N) 
0 2740 
0 2760 
0 2794 
02913 
02913 
0 3001 
03113 
0 3255 
0 3437 
03635 
0 3668 
δ 
(IO9 m"3) 
32 23 
32 20 
31 84 
31 19 
30 46 
29 55 
28 42 
27 25 
25 84 
24 54 
2459 
As the Poisson's ratio for dental composite 1 íes between 0 23 and 0 33 (Finger, 1974, 
and Whiting and Jacobson, 1980), the value of δ and Jp^ varies by ± b% Therefore, i t 
seems to be acceptable to use v-0 3 in all FEA calculations, which indeed was done 
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3.2 Young's modulus 
When a crack is present at the interface of two materials, the strength of the Joint 
is determined by the size of the crack and the properties of the two materials. To 
investigate the possibility to use the J integral as a strain energy release parameter for 
interfacial crack growth, the SENB3 model of Fig 2.29 with a notch depth width ratio 
a/W=l/2 as well as two others with a/w-1/4 and 3/4 respectively were used. The left 
half of the model was given a Young's modulus different from the right half. Besides 
calculation of the J Integral (Jp^) by FEA, in addition the J Integral (J, eq. 2.55), the 
stress intensity factor (K|, eq. 2.54), and the strain energy release rate (G|, eq. 2.47) 
were calculated. In fact Jpg, J, and 6| should be the same, which is checked by 
determining the ratios Jp^/J and JFE/GJ. TO calculate G| according to eq. 2.47 one needs 
to know Young's modulus E of the material of the SENB specimen. In case of two halves 
with different Young's moduli the question is what to take as value for E. The answer 
can be found by realizing that the strain energy release rate as well as the total strain 
energy are proportional to both the load and the displacement. Therefore, It Is sufficient 
to find an expression for the displacement of a compound SENB specimen. In Fig 3.1 the 
model is rotated so that the interface between the two materials at midspan is oriented 
vertically. For reasons of symmetry the left half can be considered as being part of a 
whole specimen with E=Eiand the right half as part of a specimen with E=E2. The 
displacement at midspan (u) is derived as: 
U1+U2 I PS3 I I 
u = ( - • - ) f(a/W), (3.1) 
2 2 4BW3 E, E2 
where P: load; 5: span; B: thickness; W: width; and f(a/W) a factor depending on the 
geometry of the model and the notch. From eq. 3.1 it can be seen that a single material 
specimen with Young's modulus E' would give the same displacement if: 
E2 J 
——T5 
Figure 3.1: Bar existing of two materials with different Young's modulus. 
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l/E' • 1/2E, • I/2E2 (3 2) 
The results are given in Table 3 2 
Table 3 2 J Integral (Jp )^ calculated by FEA for compound SENB specimens with 
different Young's moduli in left and right half Pp^  reaction force, Ò 
constant (eq 2 57), J J Integral (eq 2 55), K| stress intensity factor (eq 
2 54), 6| strain energy release rate (eq 2 47) 
EJ/E2 JpE PRE δ J K| G, JF E /G| JpE/J 
U T T 2 ) (N) (I0 9 m- 3 ) (JnT2) ( Ν Γ Τ Γ 3 / 2 ) (JnrT2) 
a/W=l/4 
1 
2 
5 
10 
20 
50 
100 
2 464 
3 26Θ 
4062 
4415 
4612 
4 735 
4 775 
05706 
07617 
09557 
1 0451 
10969 
1 1305 
1 1410 
7 569 
5 667 
4447 
4042 
3 833 
3 705 
3 668 
3 804 
5 078 
6371 
6 967 
7313 
7 537 
7607 
51251 
68418 
85841 
93876 
98529 
101547 
102490 
2 390 
3 195 
4023 
4411 
4638 
4 786 
4827 
103 
103 
101 
100 
0 99 
0 99 
0 99 
0 65 
0 65 
0 64 
0 63 
0 63 
0 63 
0 63 
a/W-1/2 
1 
2 
5 
10 
20 
50 
100 
2 661 
3 540 
4441 
4864 
5074 
5 239 
5 298 
0 3001 
04015 
0 5074 
0 5578 
0 5872 
0 6061 
06130 
2955 
2196 
1725 
1563 
1472 
1426 
1419 
3 001 
4015 
5 074 
5 578 
5872 
6061 
6130 
53596 
71714 
90628 
99629 
104872 
108249 
109493 
2614 
3513 
4484 
4967 
5 254 
5 438 
5 509 
102 
1 01 
0 99 
0 98 
0 97 
0 96 
0 96 
0 89 
0 88 
0 88 
0 87 
0 86 
0 86 
0 86 
a/W»3/4 
1 
2 
5 
10 
20 
50 
100 
1575 
2114 
2682 
2 982 
3 112 
3 240 
3 286 
0 0803 
0 1077 
0 1374 
0 1523 
01611 
0 1672 
0 1695 
2442 
182 3 
142 1 
1286 
1199 
1159 
1144 
1606 
2 154 
2748 
3 047 
3 222 
3 344 
3391 
41532 
55698 
71054 
78792 
83323 
86488 
87683 
1 570 
2 117 
2 757 
3 107 
3317 
3 472 
3 533 
100 
1 00 
0 97 
0 96 
0 94 
0 93 
0 93 
0 98 
0 98 
0 98 
0 97 
0 97 
097 
0 97 
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First, it can be concluded from Table 3.2 that a good correspondence is achieved 
between Jp^ and G|, which means that, in case of a two material specimen, both 
approaches lead to the same result Second, by comparing Jpc with J the influence of the 
condition a/W>0 5 for eq 2 55 can be seen However, the deviation of J from Jp^ for 
a/W=0 5 is such (J is about 105? larger than Jp^, which means that in that case the load 
is only about 3% larger) that eq 255 can be used to calculate the J integral from 
measurements with specimens of composite bonded to enamel. 
3 3 Notch depth width ratio 
Since in experimental practice it is difficult to produce exact notch depth width 
ratios a /w=l /4 , 1/2, and 3 /4 and it is not desirable to model each single specimen, a 
FEA model was made, in which a/W between 1/20 and 19/20 could be realized. J 
integral values for intermediate, experimental notch depth width ratios are obtained by 
linear interpolation. The FEA mesh is given in Fig 3 2. Eight node isoparametric plain 
strain elements were used throughout the entire mesh. Quarter point collapsed crack tip 
elements were not used so the data obtained for a/W=l/2 should be comparable to those 
of SENB5 (Table 2 2) The results are given in Table 3.3 and will be used in Chapter 7. 
Figure 3 2 Deformed structure of FEA model in which the notch depth width ratio could 
be varied between 1/20 and 19/20. 
3 4 Round saw cut 
Bending mode I and shear mode 11 
The experimental specimens are furnished with a saw-cut, which serves as a crack. 
However, the saw-cut has a non-zero width and a semicircular end. It can be assumed 
that small flat cracks, introduced during cutting, are present at the end of the saw-cut. 
Therefore, it was of interest to calculate the J integral for cracks at various angles. By 
adding two nodes In the mesh of model RC (Fig 3.3) and changing the connectivity of one 
element, a crack (length 0 05 mm) (Fig 34) could be modeled at five different angles 
(vert ical 0°, 22 5°, 45°, 67.5°, and 90°- horizontal). 
The model was loaded in three-point bending (Fig 3 3) (mode I see Fig 2.9) as well as in 
shear (mode I I , Fig 3.5). The results are given in Table 3.4. 
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Table 3 3 J integral (Jp^) as a function of notch depth width ratio a/W 
PpE reaction force, Ä constant (eq 2 5 7 ) 
a/w J F E PFE δ 
U m - 2 ) (Ν) ( 1 0 9 Γ Υ Γ 3 ) 
0 05 
010 
015 
0 20 
0 25 
0 30 
0 35 
040 
0 45 
0 50 
0 55 
0 60 
065 
0 70 
0 75 
0 80 
0 85 
0 90 
0 95 
0 648 
1267 
1688 
2 098 
2 343 
2 574 
2 664 
2 693 
2 640 
2 641 
2 478 
2 302 
2115 
1 849 
1595 
1268 
0 996 
0 664 
0 359 
07156 
06956 
0 6646 
0 6250 
0 5788 
05280 
04741 
0 4187 
0 3630 
03085 
02560 
0 2067 
01613 
0 1206 
008525 
005551 
003199 
001496 
0 00433 
1265 
2619 
3 822 
5371 
6 994 
9 233 
1185 
1536 
20 04 
27 75 
3781 
53 88 
81 29 
127 1 
2195 
4115 
973 3 
2967 
19147 
Figure 3 3 FEA model of specimen having a saw-cut with semi-circular end 
loaded in mode I 
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Figure 3 4 Modeling of crack by introducing two nodes 
Table 3 4 J Integral (Jp^) calculated with a small crack at different 
angles at the semi-circular end of a saw cut For mode I (Fig 
3 3) and mode II (Fig 3 5) loading Pp^ reaction force, δ 
constant (eq 2 57) 
angle Jpp Pp^ Ò 
(0) (JnrT2) (N) ( І09гтГ3) 
mode l 
О 2 128 02732 2851 
22 5 1851 0 2753 2442 
45 1203 0 2799 15 36 
67 5 0 5755 0 2843 7 120 
90 0 1950 0 2867 2 372 
mode II 
0 
22 5 
45 
67 5 
90 
0 05622 
0 1523 
0 1873 
01316 
0 05938 
1 087 
1079 
1 077 
1081 
1 087 
0 04758 
0 1308 
01615 
01126 
0 05026 
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Figure 3 5 FEA model of specimen having a saw-cut with semi circular end loaded in 
mode 11 
From Table 3 4 It can be seen that δ has its maximum at 0° for mode I and at 45° for 
mode 11 
The maximum value of b for mode I (0° i - 2 8 5 1 ) is in accordance with b for SENB3 
(29 55 from Table 2 2 ) and of b for mode II (45° δ=0 1615) with δ for 5ENB3 loaded in 
shear (Fig 3 6), resulting in δ=0 1794 This means that the combination of saw-cut and 
small crack approximately gives the same value for the J integral as does a flat crack 
having the same total length Comparable results for cracks emanating from holes are 
described by Broek ( 19Θ2 p348) 
Figure 3 6 FEA model of 5ENB specimen loaded in mode II 
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4.1 Cohesive and Adhesive Fracture Patterns of the Composite-Enamel Bond. 
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41 1 SUMMARY 
A method was developed to adhere composite to a small (1 mm2) surface of human 
enamel The geometrical configuration resulted in a complex stress distribution in the 
vicinity of the composite-enamel bond during fracture in a tension test The fracture 
surfaces were examined by scanning electron microscopy The observed fracture areas 
at the enamel showed cohesive (composite-composite) as well as adhesive 
(composite-enamel) parts The adhesive part of the fracture surface was surrounded by 
a composite wall The typical fracture pattern can be explained by the complex stress 
situation and the deviant structure of the composite near the edge 
RESUME 
Une méthode destinée à faire adhérer un composite sur une surface réduite (1 mm2) 
de l'émail humain est décrite La configuration géométrique provoque une distribution 
complexe de tension au voisinage de la liaison composite-email pendant la rupture au 
cours d'une expérience de tension Les surfaces de rupture ont été étudiées en 
microscopie électronique à balayage Les surfaces de ruptures observées sur 1 émail 
montrent une partie cohesive (composite-composite), de même qu'une partie adhesive 
(composite-émail) La partie adhesive de la surface de rupture est entournee d une paroi 
de composite Le dessin typique de rupture peut être expliqué par la situation complexe 
de tension et par la structure différente du composite près du bord 
ZUSAMMENFASSUNG 
Eine Methode zum Kleben des Komposits an eine kleine (I mm2) Oberflache des 
menschlichen Schmelzes wurde entwickelt Die geometrische Konfiguration fuhrt zu 
einer komplexen Spannungsvertellung in der Umgebung der Komposlt-Schmelzverbindung 
wahrend des Bruches in einem Zugprufungsexpenment Die Bruchflächen wurden mit dem 
CHAPTER 4 54 
Rasterelektronenmikroskop betrachtet Die auf dem Schmelz beobachteten Bruchflächen 
waren zum Teil kohäsiver (Komposit-Komposit) und zum Teil adhäsiver Natur 
(Komposit-Schmelz) Der adhesiver Teil der Bruchflache war von einem Kompositwall 
umgeben Das typische Bruchmuster kann aus der komplexen Spannungssituation und der 
abweichenden Struktur des Komposits am Rand erklärt werden 
4 I 2 INTRODUCTION 
Over the past 30 years many studies have been reported concerning the phenomenon 
of the bonding of composite dental materials to enamel (Asmussen, 1978, Relief, 1978, 
Bowen, 1980) The interest in this field of restorative dentistry and orthodontics is 
sti l l growing According to Rasmussen (1978) adhesion studies can be classified into 
five groups wettability, surface treatment, bond strength, fracture path and fracture 
energy Each area has its own indispensable contribution to the understanding of 
adhesion phenomena In describing bond strength measurements and fracture path 
observations some researchers have reported a combination of adhesive and cohesive 
fracture (Relief, 1974, Low et al, 1975, Rasmussen, 1978, Alexandre, 1981,Jassem et 
al, 1981, de Gee et al, 1983) Adhesive fracture is defined as a fracture at the 
interface of two different materials, while cohesive fracture occurs in the bulk of one 
material only The occurrence of cohesive as well as adhesive fracture implies that the 
interracial bond between composite resin and enamel is not always the weakest link of 
the combined structure In view of this it must be realized that fracture starts at a spot 
where the stress concentration exceeds a certain limit the failure criterion (Kinloch 
and Shaw, 1981) The failure criterion is a mathematical formulation for the strength of 
the material taking into account for example three dimensional stress distribution or 
stored elastic energy The purpose of this study was 
A to develop a method to adhere composite resin to small specific enamel areas (the 
measurement of the adhesion of composite resin to different areas of the enamel of 
prepared cavities is planned in future experiments), 
В to evaluate the fracture surfaces as observed in the scanning electron microscope 
after breaking the composite-enamel bond at a combined tensile-shear load situation 
In vitro experiments are mostly well controled but clinically not always relevant Still 
an in vitro test, this study is designed to investigate the problem of adhesion in a more 
clinical relevant situation In the clinical situation the composite-enamel interface 
wil l experience a complex stress situation rather than loading In pure tension or pure 
shear 
4 1 3 MATERIALS AND METHODS 
Seven extracted permanent human incisors and premolars were used After 
extraction the teeth were stored in water-alcohol mixture at room temperature With a 
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Figure 4 1 
a Cross-section of the prepared tooth Area indicated with В is enlarged in Figure 4 l b 
b Cross-section of the fracture area PQ Schematic representation of the fracture 
path as seen in Figure 4 1 с 
с Top view of the fracture area 
diamond instrument (01 χ Honco®< Hopf Ringleb and Co, Berlin, W Germany) a layer of ca 
0 I mm of the buccal or labial enamel surface was removed using water coolant to 
simulate a beveled cavity surface in enamel The surface was not polished tn order to 
keep the condition of the enamel similar to an enamel surface as obtained in cavity 
preparation 
Thereafter the surface was cleaned with a waterspray for 15 seconds (Beech and 
Jalaly, 19Θ0) and alr-drled Parallel to the prepared enamel surface a hole was drilled 
in the opposite part of the crown (Fig 41 a) The surface was acid-etched for 45 seconds 
with 35 » phosphoric acid (Esticid®, Kulzer and Co GmbH, Bereich Dental, D638 Bad 
Homburg, W Germany) Thirty seconds is regarded as sufficient for unfluondated enamel 
(Bates et al, 1982) and 60 seconds for fluoridated enamel (Hicks and Sllverstone, 
1983) 
An in between value of 45 seconds was chosen since most of the fluoridated enamel 
surface layer (Lehman, 1981 ) has been taken away by the diamond instrument action 
The add was applied two times by dabbing with a mlnlsponge held by tweezers At 
the end of the etching-time the tooth was cleaned again for 15 seconds with a 
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waterspray and air-dried 
A circular area of approximately 1 3 mm in diameter was masked off with a tin-foil 
strip (thickness 0 20 i 0 05 mm) The hole in the tin-foil was made with a rubberdam 
punch 
The tin-foil strip was folded around the edges of the tooth and fixed with 
self-adhesive tape The tin-foil close to the hole was slightly pressed down against the 
enamel with a spatula to prevent composite resin from flowing underneath The tin-foil 
mask was used A.) to enable the adhesion of composite to small specific enamel areas 
standardized in size, necessary to measure the variation m adhesive strength introduced 
by the variation in the enamel structure from one place to another (Jorgensen, 1975), В ) 
to reduce the composite-enamel interface as compared to the composite-button 
Interface 
This ensures fracture at the composite-enamel interface (Jassem et al, 1981) The 
composite resin (Concise®, 3M Co, St Paul, Minnesota, USA) was thoroughly spatulated 
for 30 seconds and an amount of about 0 05 cm3 was placed onto an orthodontic button 
(Type KBBLBC, GAC International Ine, Japan) No enamel bond was used to simplify the 
procedure Enamel-bond could easily flow under the tin-foil and it is uncertain whether 
it improves the adhesion (Jorgensen and Shimokobe, 1975, de Gee et al, 1983) The 
composite with button was pressed by hand to the uncovered enamel and the junction 
was left untouched during a 5 minutes setting-time, whereafter it was stored dry for 
one week at room temperature until it was fractured Dry storage was chosen to 
introduce additional stresses at the interface since polymerization shrinkage is then 
not compensated for by water sorption The setting-time used was based on the results 
of Bovis et al (1971) and Jacobsen and von Fraunhofer (1974) with a built-in 
safety-margin 
Just before the fracture test, the self-adhesive tape and the surplus of tin-foil were 
removed The tooth was mounted in a tensile testing machine (Zwick Zugprufmaschine 
type 1434, Zwick und Co, Einsingen, W Germany) using orthodontic wires (diameter 0 3 
mm, length about 5 cm) (Fig 4 1 a) The button was attached to the moving crosshead and 
the tooth to the fixed crosshead of the testing machine The method used for mounting 
the tooth in the tensile testing machine introduced elastic and plastic (permanent) 
deformation of the orthodontic wires prior to straining the sample Moreover tensile as 
well as shear stresses occurred in the interface area (Fig 4 I a and 4 I b) Fracturing 
was done at a crosshead speed of 0 1 mm/min The two fractured parts were stored dry 
for 1 day until they were covered with a thin conducting layer of gold in a coolsputter 
coater (Polaron SEM Coatlngsystem, England) and examined in a scanning electron 
microscope (PSEM 500 Philips, Eindhoven, The Netherlands) Two magnifications were 
used, 40 times to get an overview of the whole fracture area and 640 times to study 
details comparable in size to the enamel prisms and the composite fi l ler particles 
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4 1 4 RESULTS 
A representative set of SEM photographs of the fracture area of one specimen is 
shown in Figures 42-4 7 Comparable results were observed on the other specimens The 
fracture surface of the specimen is presented m Figures 42-44 and the matching 
composite surface Is shown in Figures 45-4 7 An overview (original magnification 40 
x, the white bar is 100 цш) of the circular fracture area is shown in Figures 42 and 
45 A partly cohesive (C) and partly adhesive (A) fracture area can be observed An 
enlargement (original magnification 640x, the white bar is 10 urn) of the adhesive 
fracture area is shown in Figures 43 and 46 An enlargement of the cohesive fracture 
area is represented in Figures 4 4 and 4 7 
Fig 42 shows the cohesive (C) and adhesive (A) fracture areas at an incisor The 
adhesive area as well as the cohesive area are circumscribed by a wall of composite, 
which is st i l l attached to the enamel surface The dark spots are pores caused by the 
incorporation of air during mixing The position of these pores can also be observed in 
the matching composite part (Fig 45) The tracks at the enamel surfaces were caused by 
diamond instrument action (Comte, 1983) 
Fig 43 shows an enlargement of a part of the adhesive fracture area of Fig 42 The 
etched enamel prisms, diameter about 5 urn, are clearly visible Even in this area there 
are pieces of resin left Fracture occurred near the pores instead of at the 
composite-enamel interface The two spherical impressions in the composite are 
produced by air-bubbles 
Fig 4 4 shows an enlargement of a part of the cohesive fracture area of Fig 42 The 
filler particles of the composite, size 10-50 μ m (Lutz et a/, 19Θ3, Lambrechts, 1983), 
are protruding from the resin matrix The smooth surface of the f i l ler particles 
indicates a weak silane coupling between resin matrix and fil ler particles 
Fig 45 shows the cohesive and adhesive fracture areas at the composite part that 
has been attached to the tooth of Fig 4 2 The smooth surface outside the circle is 
composite resin cured against tin-foil The adhesive fracture area, lower right, rises 
about 0 2 mm, (thickness of the tin-foil), above the surrounding surface and bears the 
impression of the diamond instrument tracks as shown in Fig 42 
Fig 46 shows an enlargement of a part of the adhesive fracture area of Fig 45 The 
composite surface shows impressions of the enamel prisms The black spots in the 
lower left corner are supposed to be pores 
Fig 47 shows an enlargement of the cohesive fracture area of Fig 45 The surface 
structure is similar to that of Fig 4 4 
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Figure 4 2 Composite-enamel fracture surface of the tooth side, showing a cohesive (C) 
and an adhesive (A) part 
Figure 43 Detail of Fig 42: the adhesive area. 
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Figure 44: Detall of Fig 4.2: the cohesive area 
Figure 4.5: Composite-enamel fracture surface of the composite side, showing a 
cohesive (C) and an adhesive (A) part. 
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Figure 46 Detall of Fig 45 the adhesive area 
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Figure 47 Detail of Fig 45; the cohesive area 
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4 1 5 DISCUSSION 
Fracturing of the composite-enamel bond area under a complex loading conditon 
revealed typical fracture surfaces studied by SEM The following tentative explanation 
Is given for the observed features of the fracture areas The experimental geometry will 
give stress concentrations at the upper edge (through Ρ and Q) and the lower edge of the 
tin-foil Apparently the high stress concentration exceeds the unknown failure criterion 
in the composite Fig 41 b and 4 1 c) 
A 3-dimensional failure criterion for composite material has not yet been 
established It is assumed that at point Ρ a cohesive crack starts propagating through 
the composite in a direction perpendicular to the direction of the greates stress (P 
towards Q) The fracture path seems to follow the incorporated pores which can be 
conceived as stress concentrators (Nielsen, 1965, Jassem et al, 1981) It is directed 
towards the enamel surface, the interface between composite and enamel Is reached 
and followed, forming the adhesive fracture areas Finally it breaks away at point Q 
while leaving some composite which forms the observed wall on the enamel surface 
This breaking away at point Q assumes a weaker link within the composite than in the 
composite-enamel bond It is uncertain what made the composite near the tin-foil edge 
different from the rest One explanation could be the imperfect polymerization caused 
by oxygen inhibition at the edge of the tin-foil 
Another possibility in which the crack starts at the adhesive area (where bonding is 
prevented by poor wetting) is so much the more improbable because a similar adhesive 
area was observed on most of the specimens It is unlikely to assume that imperfect 
wetting occurs m all cases in the same way Moreover, the adhesive area on the 
composite part (Fig 46) shows etched enamel prism imprints and on the tooth part (Fig 
43) resin remnants broken trough air bubbles are visible Taking into account the fact 
that crack propagation tends to take place in a direction perpendicular to the direction 
of the greatest stress, the assumption of a cohesive crack starting at point Ρ will lead 
to the observed pattern 
The final conclusion Is that It Is possible to adhere composite resin to small 
standardized enamel areas Thereby enabling future measurement of the adhesion of 
composite resin to specific areas of a prepared cavity in search of a 3-D failure 
criterion A combination of tensile and shear stress, as expected in the clinical 
situation, led to the observed fracture pattern In future experiments attention will be 
paid to the stress distribution near the interface and breaking will be performed in a 
controlled fracture experiment to obtain not only information about the tensile 
strength, but also about the fracture energy This will be compared with the fracture 
surface structure as observed In SEM 
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4.2 Critical Point versus Vacuum Drying for SEM studies of 
Dental Hard Tissue Composite Specimens. 
42 1 INTRODUCTION 
The scanning electron microscope (SEM) Is often used to investigate surface 
characteristics of dental materials. In the SEM and the apparatus for gold covering, the 
samples are in an environment with low pressure Consequently the samples are 
subjected to vacuum accelerated (solvent) evaporative drying (vacuum drying). The 
evaporation and the connected freezing and movement of phase boundaries may disrupt 
the structure of the sample 
In dental studies with SEM, different drying techniques have been used Vacuum 
drying was implicitly used eg by Boyde and Knight (1969), Lee and Swartz (1970), 
Brannstrom and Johnson (1974). However, none of these studies mention possible 
damage to the structure Barnes (1978) describes the occurrence of cracks caused by 
vacuum drying and advocates the use of replicas To minimize the damaging problems 
inherent to direct SEM observation both freeze drying (Boyde and Echlin,l973) as well as 
critical point (CP) drying (Anderson, 1951) have been developed. 
The severity of the damage and shrinkage is related to the initial amount of water in 
the sample Therefore, dentin Is expected to be more critical than enamel or than dental 
composite. However, when these materials are dried separately there is no noticeable 
difference in surface characteristics when dried with CP or dried in free air for one day 
(de Groot et <?/, 1985). The aim of the present study was to assess the usefulness of a 
CP method to dry samples combining two materials with different water content, as 
occur after fracture experiments The appearance of the border line between the two 
materials after CP drying is compared with that after vacuum drying 
42 2 MATERIALS AND METHODS 
Six freshly extracted human premolars were stored in tap water at • 4 0C until use. 
From these premolars three horizontal and six vertical slices (thickness 2 mm) were 
prepared (Fig 48) 
Impressions were taken of the slices to serve as a mold for composite application. 
Along two crosswise grooves each horizontal slice was broken into four pieces 
(A,B,C,D,) The vertical slices were broken into two pieces (A,B and C,D) along a groove 
perpendicular to the long axis The enamel comers were beveled to an angle of 45° 
ensuring good adaptation of the composite material. Only the trimmed enamel surfaces 
were etched with 35% orthophosphonc acid for 60 s. They were washed with waterspray 
and adhering water was removed with compressed air (10-15 s). Two different bonding 
systems were used Si lar enamel bond® was used on etched enamel surfaces, whereas 
Scotch bond® on both the etched enamel and the non-etched dentin. 
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Figure 48 Horizontal (left) and vertical slices (right) (coding A.B.C.D), bevel (b) 
After application of the bonding resin, only one quarter or one half part of a slice at a 
time was replaced in its impression respectively Composite material (Silar®) was 
mixed according to the manufacturer's instructions and applied in the remaining part of 
the Impression One surface of each sample was chosen for examination and polished 
The samples were stored in tap water at room temperature 
The twelve samples marked A and C, were passed through the ethanol-C02 CP drying 
route for SEM preparation using the CP drying apparatus (Polaron) 
The twelve samples В and D were vacuum dried To compare the affect of one vacuum 
drying sequence with multiple vacuum drying sequences (5x), some samples were 
examined after the f irst sequence without gold covering in the SEM (Philips SEM 500) 
operating at low voltage (6 kV and 320 Â spot size) Photographs were then taken from 
the dentm-composite border Thereafter all samples В and D were wetted in a humid 
environment for 5 minutes This drying-wetting cycle was repeated four times After a 
f i f th drying the samples were stored at room temperature in a desiccator 
Thereupon, all samples were glued two by two on aluminum stubs with silver paint 
and covered with gold (layer thickness lOnm) One of them had been CP dried and the 
other, originating from the same slice, vacuum dried The dentln-composlte, 
dentln-enamel, and the enamel-composite border lines were examined with the SEM 
operated at 12 kV, 640 A spot size 
42 3 RESULTS 
In all specimens a gap was observed at the dentm-composite border irrespective of 
drying procedure and bonding system In this experimental set-up Scotch-bond® could 
not prevent gap formation Adhesion was not persistent and shrinkage of at least one of 
the two materials occurred In some cases a gap was also formed between enamel and 
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Figure 4.9; Vertical slice (A); critical point dried, covered with gold, bar 1mm; Gaps at 
the dentin-composite and dentin-enamel border, cracks in the enamel. 
Composite (C), dentin (D), enamel (E). 
dentin. (Fig 4.9). Five times vacuum drying was not found to induce more cracks or a 
larger gap than one time vacuum drying of the same sample. Not using a conducting layer 
of gold gave adequate pictures although electrical charging of the composite was found 
to occur. Even with the CP drying gaps were formed, comparable to those occurring at 
vacuum drying. 
4.2.4 DISCUSSION AND CONCLUSIONS 
It can be concluded that shrinkage of dentin was caused by drying. Both vacuum 
drying as well as critical point drying seem to have a deleterious effect upon combined 
samples of dentin-composite and dentin-enamel. This confirms the results of Boyde and 
Maconnachie (1979), who investigated the volume change of mouse embryonic tissue 
during SEM preparation. They reported shrinkage up to 41% of the original volume caused 
by CP drying and to 12% by air drying from water. Cracks found near the dentin-enamel 
junction are comparable to those described by Barnes (1978), however he employed the 
vacuum drying method. The dentin composite bond, if existing, was clearly found to be 
the weakest link. It did not matter whether the direction of the dentinal tubules was 
more or less parallel to the dentin-composite interface (horizontal slices), or more or 
less perpendicular (vertical slices), in both cases the adhesion was insufficient to 
withstand the shrinkage forces, directing to the centre of gravity of the dentin. From 
the vertical slices (example in Fig 4.9) it can be clearly seen that the enamel-composite 
bond was strong enough to counteract the stress exerted by the shrinking dentin. 
However the dentin-composite gap induced a crack into the enamel in a direction 
parallel to the enamel prisms. 
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From fracture mechanics point of view It Is Interesting to see the effect of growth 
of an existing crack (dentin-composite gap) under mechanical stresses induced by 
dentinal shrinkage Comparable crack growth can be expected from periodical 
mastication forces 
It can therefore be concluded that an existing bond between enamel and composite is 
not effected by the drying procedure Thus after enamel-composite bond fracture 
experiments it is not necessary to use a special drying procedure However when there 
is a weak or no-bond between enamel and composite (Roulet and Micheli od, 19Θ4) or 
between dentin and composite a good alternative to avoid drying problems connected 
with CP and vacuuum drying is the use of an appropriate replica technique 
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5 Comparison of Polymerization- and Thermal Shrinkage Stresses 
with Bond Strength. 
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5 1 ABSTRACT 
In this study the stresses at the composite-tooth interface induced by polymeriza­
tion and thermal shrinkage were compared with composite bond strength Theoretical 
calculations were based upon umaxially and tnaxially restricted polymerization 
shrinkage stresses of composite, measured umaxially and tnaxially The calculations 
from both (umaxially and tnaxially) studies showed stresses to reach values of at least 
5 to 10 % the expected shrinkage values for freely contracted composites A finite 
element analysis (FEA) was doiie for axisymmetnc tooth models (diameter 8mm, height 
8mm) furnished with an occlusal composite restoration (d-4mm, h-3mm) with and 
without a 45° enamel bevel In each case two types of composite-dentm interfaces 
were considered, ι e perfect bonding to calculate the stresses (normal and shear) at the 
interface, and absence of dentin adhesion to assess the stresses at the remaining 
composite-enamel interface In case of perfect composite-dentin adhesion, polymeriza­
tion stresses normal to the Interface due to restricted shrinkage were found to be at 
least 3 8 ПРа and 5 3 MPa for the composite-dentin and the composite-enamel interface 
respectively Beveling reduced the values for the composite-enamel interface with 
30-40% In absence of a composite-dentm bond, peak stresses at the composite-enamel 
interface remained the same Thermal shrinkage stresses per 0C were about 10 times 
lower Polymerization shrinkage stresses at the composite-dentin interface are found 
to be equal to or higher than the clinically achievable dentin bond strength When stress 
relaxation is less optimal than assumed in this study also the durability of the 
composite-enamel bond has to be doubted 
5 2 INTRODUCTION 
Shrinkage of a composite fi l l ing is considered to be a possible factor causing failure 
of the marginal integrity (Davidson and de Gee, 1984) It is caused either by 
polymerization contraction of the composite during hardening or by thermal contraction, 
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when the tooth is cooled, since the coefficient of thermal expansion of composite is 
higher than that of the surrounding enamel and dentin 
The aim of this study was to calculate the stresses at the composite-tooth interface 
induced by polymerization and thermal shrinkage stresses by finite element analysis 
(FEA), and to compare the calculated stresses with composite-enamel and composite-
dentin bond strength. 
The first problem to be solved is which value has to be used in FEA for the 
coefficient of linear polymerization shrinkage Usually polymerization shrinkage is 
measured with freely shrinking composite eg the dilatometer technique (Smith and 
Schoonover, 1953, de Gee et al, 1961), in which the volumetric change of the composite 
is measured However, as has been shown by Davidson and de Gee (Ι9Θ4), when the 
polymerization shrinkage is unlaxially restricted, the measured shrinkage stresses are 
about 5 to 10 % of the stresses expected from shrinkage values for freely contracted 
composites Their explanation, of what they called relaxation, assumes flow of 
composite material during the hardening process Based on an evaluation of the 
experiments described by Bowen et al ( ι 983) (appendix 5 A) it is assumed in this study 
that this flow st i l l takes place when the composite is triaxially restricted as is more 
or less the case in a cavity Although Bowen <?/£/( 1983) suggest that failure of the 
restriction, ι e loosening of the composite from the wall of the cylinder, might explain 
the low stresses they measured and Davidson et al (1984) doubt if the same amount of 
flow wil l take place in the triaxially restricted case, in the present study a stress 
relaxation of 95Ж wil l be assumed. This implies that all polymerization shrinkage 
stresses calculated here furnish a lower bound for those which can be expected in 
practice When the lower bound indicates failure of the composite-enamel or 
composite-dentin bond, failure wil l probably occur in practice. Assuming that the 
composite-dentin bond has failed, a gap is present between the composite and the 
dentin The J integral (Rice, 1968) was used to assess possible crack growth from the 
composite-dentin gap by comparing the calculated value with the critical value of the J 
integral 
5 3 MATERIALS AND METHODS 
Four different axisymmetric FEA models of a simplified tooth-composite restoration 
structure were used. Each model consisted of 33 eight noded axisymmetric elements. 
Model * l had a butt joint cavity preparation with dentin adhesion (Fig 5.1.a) and model 
*2 a 45° enamel bevel preparation with dentin adhesion (Fig 5 I b). Model *3 was the 
same as * 1 but without dentin adhesion, and model * 4 was the same as *2 also without 
dentin adhesion Composite-enamel bond was assumed to be present in all models. In 
Table 5 I typical values are given for the material properties modulus of elasticity (E), 
Poissons ratio (v), coefficient of linear free polymerization contraction (E) , and 
coefficient of linear thermal expansion (a). Deformation and stresses caused by 
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Figure 5 I- Cross-section of axisymmetric tooth model with a: butt joint occlusal 
fil l ing b: 45° beveled occlusal filing 
Table 5 1 Hatería! properties used in finite element analysis E modulus 
of elasticity, v. Poisson's ratio, ε. coefficient of linear free 
polymerization contraction, and α coefficient of linear 
thermal expansion. 
enamel 
dentin 
composite 
E 
(109Nm-2) 
50a 
153 
10b 
V 
0.3a 
0.3a 
0 3 e 
ε 
(io-3) 
0 
0 
8b 
α 
( io - 6 oc-1) 
10е 
10е 
50d 
(approximate values after: 
a: Waters (1980); b: Davidson and de Gee (1984); c: Finger (1974) and 
Whiting and Jacobson (1980); d. Smith (1985); e: Waters ( 1985)). 
polymerization as well as thermal shrinkage were determined for all models. In the 
models without dentin adhesion also the J integral was calculated employing the virtual 
crack extension technique (Parks, 1974; Hellen, 1975, DeLorenzi, 1985) 
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5 4 RESULTS 
The highest stress normal to interface (σ
η
) and the highest shear stress (ο5ή), not 
necessarily occurring at the same spot, for the eight cases and the values of the J 
integral in appropiate cases are given in Table 5 2 The structure of the models *1 to 
*4, deformed by polymerization shrinkage of the composite fill ing, is shown in the 
Figures 5 2 a, b, c, and d For reasons of symmetry only one half is depicted of the butt 
(a) and beveled (b) shaped cavity with dentin adhesion, and the butt (c) and beveled (d) 
shaped cavity without dentin adhesion The relative deformation was enlarged 100 
times to become apparent in the Figures 
It is clear that shrinking composite tends to bend to cavity walls The deformed 
structures due to thermal shrinkage had the same appearance 
Table 5 2 Highest tensile stresses (σ
η
) normal to interface and shear 
stresses (ö s h ) between tooth and fill ing induced by 
polymerization shrinkage and thermal shrinkage (standard 
temperature drop 10C) J integral value for crack growth 
dentin enamel J 
Model dentin 0 n öch tfn tfsh 
* adhesion (l06Nm"2) (106Nm"2) (Jm-2) 
Polymerization 
1 butt yes 3 76 2 66 
2 bevel yes 3 40 2 44 
3 butt no 
4 bevel no 
Thermal (per 0C) 
1 butt yes 0 38 0 27 0 53 0 27 
2 bevel yes 0 34 0 24 0 30 0 35 
3butt no — 048 0 14 0018 
4bevel no — 032 033 0018 
5 29 2 66 
2 97 3 49 
477 138 182 
3 20 3 31 175 
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Figure 5.2: Deformed structure (relative deformation 100 times enlarged) 
due to composite polymerization shrinkage: 
a: butt joint, with dentin adhesion. 
b: beveled, with dentin adhesion. 
c: butt joint, no dentin adhesion. 
d: beveled, no dentin adhesion. 
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5 5 DISCUSSION 
In case of perfect composite-dentm adhesion, polymerization normal stresses due to 
restricted shrinkage were found to De at least 3 8 MPa and 5 3 MPa for the 
composite-dentm and the composite-enamel interface respectively Beveling reduced 
slightly the normal stresses at the composite-dentin interface, but reduced 
considerably (30-40%) the normal stresses at the composite-enamel interface When the 
composite-dentin bond is absent, peak stresses at the composite-enamel interface were 
of the same order of magnitude Thermal shrinkage stresses per 0C were about 10 times 
smaller which implies that a temperature drop of approximately 10 0C is necessary to 
match polymerization shrinkage stresses Polymerization shrinkage stresses at the 
composite-dentin interface are comparable or higher than the clinically achievable 
dentin bond strength (0 6-3 4 MNm-2, Beech, 1985) Therefore, the durability or even the 
existence of the composite-dentin bond can be doubted Especially when it is realized 
that in the stress calculation in this study a stress relaxation of 95% of the stress 
values based on the coefficient of free polymerization shrinkage was assumed The 
stress values in this study, therefore, set a lower limit to the expected polymerization 
shrinkage stresses, which may range up to values 20 times larger Even then, a 
reasonable improvement in dentin bond strength (say to 50 MPa) might st i l l be 
insufficient unless polymerization shrinkage is reduced by inserting and curing 
composite in thin, consecutive layers, or by reducing the shrinkage values considerably 
The values of the polymerization shrinkage stresses at the composite-enamel 
interface are below the bond strength of composite to enamel (10-20 MNm"2, Gottlieb 
et з/, 1982), but if less stress relaxation occurs, this part of the structure may also 
fail 
The value determined for the J integral (I 8 Jm"2) is far below the critical value for 
crack growth at the composite enamel interface (89 + 5 Jm" 2 , Chapter 8) and failure is 
not to be expected with a stress relaxation of 95% But as the J integral depends 
quadratic on the stress, a stress relaxation of 65% wil l enlarge the J integral value by 
72=·49 times, enough to make the composite-enamel bond critical to failure 
In conclusion, it has become clear that polymerization shrinkage stresses, even 
under the assumption of a maximum amount of "relaxation", are sufficiently large to 
counteract and prevent a possible composite-dentm bond When a smaller amount of 
stress relaxation is occurring m practice also the composite-enamel bond may fail 
APPENDIX 5 A 
The question is if the the same stress "relaxation" can be expected in the tnaxially 
restricted case as is found in the umaxially restricted case Therefore, it is interesting 
to evaluate the experiments described by Bowen et al (1983), because In their test 
method В they measured tnaxially restricted polymerization shrinkage stresses It is 
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shown here that the measured stresses can be explained from the coefficient of linear 
free polymerization shrinkage and the same amount of stress relaxation as assumed for 
the uniaxially restricted case as given by Davidson and de бее (19Θ4) 
From Davidson and de бее (1984) the following values are obtained for the 
coefficient of linear free polymerization shrinkage (ε), the modulus of elasticity (E), 
and the relaxation (p) 
511ar E = 75 10"3 E = 43 109Nm"2 ρ = 0 8 8 , 
Concise ε = 7 4 IO"3 E = 9 2 l 0 9 N m " 2 ρ = 096 
They calculated the relaxation from 
P = (öcalc" 0 r e s t ) / Оса1с • (5 A l ) 
where they calculated o c a ] C using ε and E according to 
ö c a l c = e E <5A2> 
and measured 0 r est I n t h e uniaxial ly restricted case 
To evaluate the experiments of Bowen et al (1983) the hydrostatic pressure (or 
stress) (Pcaic ·^ w h , c h is the stress developed in the tnaxially restricted case, is 
calculated by 
P C a i c " K 3 e . (5 A3) 
with К the bulk modulus 
K = E / 3 ( l - 2 v ) , (5A4) 
when Poisson's ratio (v) is taken to be 0 3 (Finger, 1974, Whiting and Jacobson, 1980) 
giving 
Si lar K - 3 6 109Nm-2 Pcalc " βΙΜΝΓτΓ2, 
Concise К » 7 7 IO9 Nm"2 p c a i c - 170 MNm-2 
Comparison with values of the tnaxially restricted stress (Prest) as measured by 
Bowen et al (1983) leads to the following values for the relaxation (p) 
Sllar p r e s t - б4MNm"2 ρ = 0 9 2 , 
Concise p r e s t = 73 MNm"2 ρ = 0 96 
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61 ABSTRACT 
In previous work (Peters and Poort, 1983) the stress distribution in axisymmetnc 
models of restored teeth was analysed using Finite Element Analysis (FEA) To compare 
the triaxial stress state at different sites, they calculated the Von Mises equivalent 
stress and used it as a criterion for weak sites However, the equation assumes equal 
compressive and tensile strength values whereas for dental composite the compressive 
strength values are on average eight times larger than the tensile strength values 
Therefore, in this study also a modified Von Mises criterion and Drucker-Prager 
criterion were investigated In these criteria the difference in compressive and tensile 
strength is accounted for The stress criteria applied to an uniaxial tensile stress state 
are compared with those applied to a triaxial tensile stress state The uniaxial state is 
obtained in a Rectangular Bar (RB) specimen, the triaxial state in a Single Edge Notched 
Bend (5ENB) specimen with a chevron notch at mldspan Both types of specimens made of 
light-cured composite were fractured in a three point bend test The size of the 
specimens was limited to 16x2x2 mm·' (span 12mm) Load-deflection curves were 
recorded and used for linear elastic FEA The results show different Von Mises and 
modified Von Mises stresses in the fracture initiation region, indicating that 
application of these criteria is not allowed in fundamental studies of composite-
restored teeth The Drucker-Pager criterion, however, results in a better agreement 
between equivalent stresses at failure calculated from the experiments for the RB and 
the 5ENB specimens 
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6 2 INTRODUCTION 
The aim of this study was to investigate the applicability of three stress failure 
criteria (Von Mises (VM), modified Von Mises (MM), and Drucker-Prager (DP)) for brittle 
fracture of a dental composite A failure criterion, describing only material properties, 
should for one single set of material parameters be able to predict failure in an uniaxial 
as well as a triaxial stress state Dental composite as restorative material in posterior 
regions (Lutz et al. 1983, Lambrechts and VanHerle, 1983) requires special properties 
such as high mechanical strength, high abrasive resistance, and good adhesion to tooth 
structure to withstand chewing forces (Viohl, 1984) The new generation of posterior 
composites claims to fulf i l these requirements Recently the stress distribution in 
loaded teeth was studied (Peters and Poort, 1983) using Finite Element Analysis (FEA) 
Principal stresses ( O j , Ö2, O3) and Von Mises equivalent stress ( о ^ ) were compared 
at different sites The equivalent stress was obtained from the equation of VM criterion 
(Appendix 6 A) 
ö V M = y ( - 3 J 2 ) , (6 1) 
with J2 the second invariant of the deviatone stress tensor 
J2 =-І/6((в
г
о2)2 +(о2-оз)2 +(оз-<*і)2], ( б 2 ) 
where σ \, 02, and 03 are the principal stresses 
The critical value of оум (identical to yield stress ογ) can be determined for the 
uniaxial state with a tensile test In the case of brittle failure the tensile strength is 
assumed to be identical with the yield stress According to VM criterion, failure wil l 
occur in a three dimensional structure in a region where the calculated 0\/у\ exceeds 
the yield stress Oy Because dental composites fracture in a brittle way, the validity of 
a yield criterion is uncertain Moreover, the compressive strength of dental composites 
is about eight times larger than the tensile strength whereas they are equally treated 
by VM criterion VM criterion was modified to obtain MM criterion by addition of the 
hydrostatic stress, thereby making it possible to account for the difference in 
compressive and tensile strength The equivalent stress (Ощч) was obtained from the 
equation of MM criterion (Appendix б A) 
(k-l) 7 ( ( k - 1 ) 2 J , 2 - 12J2 k) 
σ
ΜΜ
 = J1 + . ( 6 3 ) 
2k 2k 
where J1 is the first invariant of the stress tensor 
CHAPTER б 77 
J) »(О|+в2 + 0з) (64) 
and к the ratio between compressive and tensile strength 
m criterion (Williams, 1973) is suitable to describe failure of polymers, which are 
alike the resin part of the composite without fi l ler particles 
Another criterion (DP criterion, Drucker and Prager, 1952) also has the possibility to 
account for the ratio of compressive and tensile strength It is intended to describe 
failure in the field of soil mechanics, which is alike the fi l ler particles of the 
composite without the resin The equivalent stress (öQp) w a s obtained from the 
equation of DP criterion (Appendix 6 A) 
k-1 k+l 
öDp J , + -/(-3 J ^ ) , (6 5) 
2k 2k 
A comparison wil l be made between failure described according to VM criterion, M l 
criterion, and DP criterion in an uniaxial and a triaxial stress state (all three principal 
stresses are positive) A rectangular bar(RB) specimen (Fig 6 1 a), fractured in a three 
point bend test, has an uniaxial stress state at the site where failure starts and a 
single edge notched bend (5ENB) specimen with a chevron notch (Fig б 1 b) has a triaxial 
stress state In general the stress state in a structure (a tooth in the clinical case) is 
more likely to be triaxial than uniaxial, therefore the 5ENB specimen seems to be 
clinically relevant This type of specimen for controlled fracture experiments Is often 
used to determine parameters of fracture mechanics such as work-of-fracture 
(Tattersall and Tappm, 1966, Rasmussen et ai, 1973, Rasmussen et al, 1976, 
Rasmussen, 197Θ) Because measurement of these parameters is planned in future 
experiments, FEA calculations were performed on this type of specimen 
б 3 MATERI ALS AND METHODS 
Experiments 
Composite (Silux®, a BisGMA resin with colloidal silica particles, average size 0 04 
Urn, fil ler content 51X by weight according to the manufacturer, batch 060864, umv 
4XY1, 3M Co, 5t Paul, MN) was inserted into a stainless steel mold and covered with a 
glass plate, whereafter the specimens (16x2x2 mm3) were polymerized by visible light 
(Translux®, Kulzer & Co GmbH Bereich Dental, D-6382 Friedrichsdorf I, Federal Republic 
of Germany) After 5 mm the specimens were stored in tap water at room temperature 
for 24 to 26 hours, during which period they were taken from the water for about 5 mm 
to cut a chevron notch with a diamond disk (537/220 H superdiaflex Honco®, Hopf 
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Figure 6.1. Figure 6.2· 
a Rectangular Bar in three point bend a RB model quarter of the bar as used 
experiment for FEA calculations 
b Single Edge Notch Bend specimen with b: SENB model: quarter of the bar as used 
chevron notch Ρ load, 5. span, for FEA calculations 
В thickness, W width 
Ringleb & Co GmbH, Berlin 45, Federal Republic of Germany) (diameter 22 mm, thickness 
0 15 mm) using water coolant The bars were fractured in a three point bend test using 
an Instron testing machine, crosshead speed 0.5 mm/min. The span of the support (5 
about 12 mm) was measured with a measuring microscope Load-deflection (P,u) curves 
were recorded The load at fracture (Pc) was defined as the highest load. The thickness 
(B) and the width (W) of the specimens was measured with a micrometer For each 
individual RB specimen the fracture stress (bending strength: σ^) was calculated 
analytically (Timoshenko and Young, 1968) according to· 
ab - 3 S Pc / (2 В W2) (6.6) 
While the Youngs modulus (E) was calculated according to: 
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PS 3 W2 
E = (1 + 3 ( l + V / 2 ) — ) 
4 В W3 u S2 
(6 7) 
(Williams, 1973, ρ 129) The correction factor has a value of 0 096 (using for Poisson's 
ratio v=03, W=2, and 5=12) and is necessary because the width is not small compared 
to the span The individual values of a^ and E were averaged 
The fracture surfaces were examined and the distance of the notch tip to the outer 
surface (c) was measured using a measuring microscope to evaluate the accuracy of the 
cutting 
FEA calculations 
For reasons of symmetry the modeling and the calculation of the three-dimensional 
(3-D) stress distribution with Finite Element Analysis (FEA) can be restricted to one 
quarter (6x 1 x2 mm3)of the RB and SENB bars (Figures 6 2 a and 6 2 b) by introducing the 
approplate boundary conditions 3-D modeling is necessary to analyse the SENB 
specimen The number of elements was 12 and 111 for the RB and SENB model, 
respectively Care was taken to increase the number of elements for the SENB model in 
the notch tip region as shown in Fig б 3, in which the density of elements as a function 
of distance from midspan is depicted The type of element used was a 3-D isoparametric 
20 node brick 
1000 τ 
too 
elements per cubic 
mm 
10 
• RB model 
•O- SENS model 
1 2 3 4 
distance from midspan (mm) 
Figure б 3 Density of elements used to model the RB and SENB specimens as a function 
of distance from midspan 
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The assigned modulus of elasticity (E-3 70 GN/m2) resulted from the experiments, 
whereas the Poisson's ratio was taken to be 0 3, which value is supported by values for 
composites reported by Finger (1974), and Whiting and Jacobson (1960) ranging from 
0 23 to 0 33 By assuming linear elastic material properties and geometric linearity, a 
linear relationship exists between both calculated deflections and stresses versus 
applied load The deflection was prescribed and the reaction force in the loading point 
was derived from FEA calculations The equivalent stresses according to VM criterion, 
MM criterion, and DP criterion were calculated by FEA for the region where failure 
initiation was observed in the experiments For the RB and 5ENB specimens this region 
was situated at midspan, at the side opposite from the applied load By replacing the 
reaction force with the measured fracture load (Pc), the critical values övMc- ÖM1C' 
and орр
с
 of the equivalent stresses were obtained The ratio (k » Θ) between 
compressive and tensile strength was computed from the compressive and tensile 
strength as provided by the manufacturer The influence of к on the calculated 
equivalent stress was investigated by varying к from 5 to 10 
Because the thickness (B) and width (W) measured on the experimental specimens 
deviated from the values assumed In the FEA calculations (B - 2 mm and W « 2 mm), a 
correction term based on this deviation was applied on the stresses calculated by FEA. 
6 4 RESULTS 
Experiments 
The load-deflection (example in Fig 6 4) curves showed a linear elastic behavior of 
the specimens until fracture For the RB specimens the load suddenly dropped to zero 
The two fractured parts broke away with a certain amount of kinetic energy For the 
5ENB specimens controlled fracture curves were obtained In this way it is possible to 
quantify the work-of-fracture by calculating the area under the load-deflection curve 
(Tattersall and Tappin, 1966) 
The measured value of the span (5) was 11 9Θ mm The load at fracture (Pc) is given 
in Table 6 l The average values of the thickness (B) and the width (W) of the specimens 
are given In Table 6 1 to show the deviation from the values assumed in the FEA 
calculation The highest value of the measured distance (c) to the notch tip was 0 074 
mm The calculation of the modulus of elasticity is based on equation (7) and yields 
E=3 70 + 0 35 GNm"2 The analytically calculated fracture stress (σ^) for the RB 
specimen is given in Table б 1 
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SENB 
Figure 6 4 Qualitative example of load-deflection curves of a RB and a SENB specimen 
showing linear elastic behavior until fracture 
Table 6 1 Fracture load (Pc), thickness (B), width (W), bending strength (o b ) and 
critical values (Оумо ϋίΤ\ο a n d öDPc) o f equivalent stresses according 
to VM criterion (Von Mises), MM criterion (modified Von Mises), and DP 
criterion (Drücker-Prager) for RB (rectangular bar) and SENB (single edge 
notched bend) specimens (average values ± standard deviation, N number 
of specimens) 
Specimens RB(N=12) SENB (N=5) 
Measurements 
Pr 
в 
w 
(N) 
(10_3m) 
(10-3m) 
23 6 ±2 3 
2 043±0 033 
2 102+0 058 
463 ±0 11 
2031+0013 
2 12l±0 063 
Analytical calculations 
(MNm"2) 46 9 ±2 8 
FEA calculations 
tfVMc (MNm-2) 
öfMc (MNm-2) 
aDp c (MNm-2) 
444±44 
48 3±48 
46 6+47 
349± 45 
715+107 
543+ 8 1 
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FEA calculations 
The critical values of these equivalent stresses (оумо σΜΜθ' a n < ) öDPc) 1n t r i e 
fracture region according to VM criterion, MM criterion, and DP criterion obtained from 
FEA on the RB and SENB model are given in Table б 1 The influence of variation of к on 
the calculated equivalent stresses was small The equivalent stress according to MM 
criterion for k=10 was 8% larger than for k=5, while for DP criterion this difference 
was only 4% 
6 5 DISCUSSION 
The tip of the chevron notch in the SENB specimens was always less than 0 074 mm 
from the edge, which is 4% of the width Therefore these specimens could be 
represented by the SENB model as used in the FEA The load deflection curves supported 
the correctness of the assumption of the linear material properties for the FEA 
calculations The experimentally determined modulus of elasticity is in good agreement 
with the results (3 3-5 3 GPa) of Reinhardt and Vahl( 1983) 
If VM criterion (Von Mises) is a valid failure criterion for dental composites, the 
calculated values at fracture have to be the same It can be clearly seen from Table б 1 
that the critical value of the equivalent stress (Оумс^ calculated for the SENB model is 
much lower than for the RB model The fact that no yield but brittle fracture behavior is 
observed in addition to the ratio of compressive and tensile strength is an indication of 
the inadequacy of VM criterion On the contrary MM criterion (modified Von Mises) 
results in a higher critical value of the equivalent stress (ОтчсО for the SENB model 
than for the RB model DP criterion (Drucker-Prager) shows a better agreement between 
the critical values of the equivalent stress (0\)р
с
) of the 5ENB and the RB models The 
failure behavior of composite seems to be more like that of particles than of polymers 
It can be concluded that Von Mises yield criterion must be altered substantially to a 
formulation in which the brittle fracture behavior is sufficiently taken into account, 
before it can be succesfuily applied to predict failure in a multiaxial stress situation 
for dental composites The Drucker-Prager criterion seems to fulf i l these requirements 
APPENDIX 6 A 
Von Mises yield criterion states that yielding wil l occur when the second invariant 
of the deviatone stress tensor (J2') reaches a critical value, or 
p ( - J 2 ) = l , (6A1) 
with 
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¿2 · -1 /б Ко | -Ö2) 2 + (Ö2-< ,3 ) 2 + ( 03" t f 1 )2J · ( 6 ^ 2 * 
and о \, O2, and Ö3 principal stresses and ρ a parameter 
In case of simple tension yielding (Ογ is yield strength) will occur when 
ö | • öyand 0 2 " d 3 * 0 (б A3) 
Substitution in eq б Al gives 
ρ = 3 / σ γ 2 (6 A4) 
Now knowing p, the interpretation of Von Mises becomes clear (substitution of 6A.4 
Into б A D leads to 
Öy2 = 3(-J2')< (б A 5) 
apparently the forementioned critical value is equal to <ίγ2 
By defining an equivalent stress (o e q| ) as 
tfvnWi-SJ^), (6A6) 
Von Mises criterion states that yielding will occur when the equivalent stress reaches a 
critical value (вумс * Ö Y ) 
Notice that J2' In eq 6 A.5 denotes the value of J2' at the moment of failure, where J2' 
in eq б Аб can have any value below the critical value 
For materials with different compressive and tensile strengths values according to 
Williams (1973) Von Mises yield criterion can be modified by adding the hydrostatic 
stress 
qJ|+p(-J2')* 1 , (6 A 7) 
where ρ and q are parameters and J| the first invariant of the stress tensor 
Jj • (01+02+03) (6A8) 
ρ and q can be expressed in terms of the yield stresses in simple tension and simple 
compression, tfyj and 0 у
с
 respectively 
q dyt + ρ I /3 ϋYtz • 1 , (6A9a) 
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-q Оу
с
 + ρ 1/3 ο γ ς 2 = 1 
hence 
0 Y c - Ογ,; 
q and ρ - -
-3 
84 
(6А.9Ь) 
(6A.10a)(6A10b) 
öYc tfYt öYc аП 
For known ratio of compressive and tensile strength 
k = O Y C / ö Y t , (6A.11) 
and substitution of eq б A 10 а, б A 10 b, and б A. 11 Into eq б A.7 gives 
k ö Y t 2 - ( k - l ) ö Y t J i + 3 J 2 ' = 0 (6A12) 
Solving eq б A 12 for Ογ^ 
(k-l)U| i v ' K k - l ^ J j 2 - 12J2'k) 
ÖYti = , (б A 13) 
2k 
(because strength values needs to be positive only the σγ£+ value can be accepted) 
Again an equivalent stress ( o ^ ) can be defined 
(k-DJ, + V ( ( k - l ) 2 J , 2 - 12J2'k] 
Om- (б A 14) 
2k 
Again notice that J) andJ2'ineq б A. 13 denotes the values of J| and J2'at the moment 
of failure, where J) and J2' in eq б A. 14 can have any value below the critical value 
Drucker-Prager criterion (Drucker and Prager, 1952) reads as follows 
q J i T - A - J ^ ) - 1 (6A.15) 
An analogue derivation as given for modified Von ruses criterion leads to 
k-l k+1 
o D p = J) + •/(-3J2·) (6A16) 
2k 2k 
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7 1 ABSTRACT 
This study contains the f irst part of a research project in which the applicability of 
fracture mechanics parameters to predict failure of a restored tooth is investigated 
Fracture mechanics parameters have been used in dental research before but were 
restricted to comparative studies between various brands of composites The critical 
values of the opening mode stress intensity factor (K|) or its equivalent the strain 
energy release rate (G|) and the J integral Ц ) are measured with single edge notched 
bend (SENB) specimens of dental composite m a three-point bend test The measured 
values of K|C for Silux ( K|C-0 99+003 MNm"3 / 2) and P-30 ( K|C=I 88+0 12 MNm"3 / 2) 
compared to values from the literature prove the reliability of the measuring method 
Using finite element analysis (FEA) on a 2-dlmenslonal model of the 5ENB specimens the 
J integral Is computed The critical value of the J integral (measured with SENB 
specimens, notch depth width ratio a/W-1/2) is used to predict failure of SENB 
specimens outside the notch depth region of validity for K|C determinations (notch depth 
width ratio a/W=l/4, 3/4) using the calculated J values The predicted deflection and 
load at failure correspond well with the measured deflection and load 
7 2 INTRODUCTION 
This study Is part of a larger research project aimed at the prediction of failure of a 
restored premolar under static loading conditions As the bond between composite 
filling material and dentin in a vital tooth seems to be Imperfect, the restored tooth can 
be considered as a structure with an internal crack The bond between composite and 
enamel can be considered to be sufficient to maintain stability and to strengthen the 
structure (Morin et3/^984) Fracture mechanics can be applied to such a structure to 
estimate the initiation of failure (Broek, 1982, Ewalds and Wanhill, 1984) As a suitable 
fracture mechanics parameter the J integral Ц ) can be used In the linear elastic case 
the J Integral Is equal to the strain energy release rate (G|), and so equivalent to the 
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stress Intensity factor (K|) (Roberts etat, 1977, Lloyd and lanetta, 1982, Lloyd, 1982, 
1983, 1984, Cruickshanks-Boyd and Lock, 1983, Lloyd and Mitchell, 1984, Lloyd and 
Adamson, 1985) The J integral can be calculated using finite element analysis (FEA) for 
an arbitrary structure having a crack, like a restored premolar Calculated values of the 
J integral (Jpc) are compared with the critical value of the J Integral ϋ γ ς , obtained 
from measurement of the critical deflection, or J 5 C , from critical load measurement), a 
material constant obtained from single edge notched bend (5ENB) specimen testing In 
the restored tooth three types of failure can be expected, starting from a gap between 
the composite and the dentin bulk failure of the composite, failure of the 
composite-enamel bond, and failure within the enamel 
In the present study the analysis is restricted to the failure of SENB specimens 
(notch depth width ratio a/W=l/4, 1/2, 3/4) in a three-point bend test at monotonlcally 
increasing deflection The specimens are made of composite fill ing material 
FEA calculations of Jpp with varying notch depth for SENB specimens have been 
earned out previously (Srawley, 1976a) The experimental verification of failure 
prediction for 5ENB specimens with varying notch depth, as performed here from FEA 
calculations of Jpg and using experimental ¿yZ and J $ c values for a/W=1/2, was 
earned out to gain confidence m failure prediction for future FE-calculations of Jpg for 
a premolar geometry 
7 3 MATERIALS AND METHODS 
Experiments 
Specimens (I6x2x2mm) of composite fill ing material, for anterior or posterior use 
(Silux®, a BisGMA resin with colloidal silica particles, average size 0 04 urn, fi l ler 
content 51% by weight according to the manufacturer, batch 060884, 5502U, 4YI and 
121384, 5502U, 4BCI, and P-30, a resin-bonded ceramic with si lane-treated, zlnc-
oxide glass particles, average size 3 5 ц т , f i l ler content 87% by weight according to 
the manufacturer, batch 032085, 9330SL, 5C4P, 3M Co, St Paul, MN,) were made by 
inserting the paste into a brass mold, followed by polymerization with a visible light 
source (Translux®, Kulzer & Co Bereich Dental, D-6382 Friedrichsdorf 1, West Germany) 
(3 times 40 s each specimen) through a glass cover A notch (depth a=0 5, 1 0 or 1 5 mm) 
was machined with a diamond disk (537/220 H superdiaflex Honco®, Hopf Ringleb & Co 
GmbH, Berlin 45, West Germany) (diameter 22 mm, thickness 0 15 mm) using water 
coolant Before testing, all specimens were stored in tap water at 370C for one day The 
specimens were then fractured in a three-point bend test (span 5= 12mm) (Fig 7 1) with 
an Instron testing machine (cross head speed 0 5mm/min) and load-deflection (P,u) 
curves were recorded The thickness (B) and the width (W) were measured with a 
micrometer and the notch depth (a) with a measuring microscope 
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Ω 
[a 1 w Figure 7 1 Three-point bend test Ρ load, u 
~Ç) О deflection at midspan, S span, 
"" s ~ " W width, a notch depth 
The modulus of elasticity (E) and the transverse strength (d^) were determined using 
rectangular bar (RB) specimens from 
PS 3 W2 
[ 1 * 3 ( l + v / 2 ) — ] (7 1) 
А В W3 u 5 2 
according to Williams ( 1973) 
ab - 3 5 Ρ / (2 В W2) (7 2) 
K|, G|, and J| were calculated from measurements with SENB specimens according to 
Ρ S 3(a/W) ' / 2 [ 1 99-a/W( I -a/W)(2 15-3 93a/W*2 7(a/W)2] 
K|- (7 3) 
В W3/'2 2( 1 •2a/W)( I -a/W) 3 ' 2 
(Srawley, 1976b), and 
G|- ( l - v 2 ) K | 2 / E (7 4) 
for the relevant plain strain situation (v Poisson's ratio), and 
2jPdu 
J|- fora/W>05 (7 5) 
В (W-a) 
(Rice eta/, 1973, and Srawley, 1976a) 
When the load at fracture (Pc) was substituted, the critical values of these parameters 
fe Kic· e i C ' a n ( l "Jic w e r e obtained 
Thereafter the validity for plain strain K|C testing according to A5TM standard 
CHAPTER 7 88 
E399-78A (1979) must be evaluated by calculating the minimum specimen size 
requirements for a, B, W-a, and W. 
a, B, W-a, and W/2 I 2 5 (К|
С
/оу)2 , (7.6) 
where 0γ indicates the yield strength Because brittle composites do not have a yield 
strength in tension, the transverse strength (öjj), as obtained from three-point bend 
testing of RB specimens, wil l be substituted 
The validity of plain strain J|C testing was evaluated according to the conditions of 
A5TM E813 ( 1982) for В and W-a· 
B, andW-a>25J|C /ö0 , (7.7) 
where ö 0 is called the flow stress and is the average of the yield strength σγ and the 
ultimate tensile strength (Ewalds and Wanhill, Ι9Θ4) For the brittle composites in this 
study the transverse strength σ^ wil l be used Although It Is realized that these 
empirical requirements were established for metal testing, they wil l be used in this 
study 
Finite element analysis 
A 2-dimensional mesh of the SENB specimens was modeled using second order 
isoparametric, distorted, plain strain elements. An example (a/W*l/2) is given in Fig 
7 2a The deflection was prescribed (ирЕ=2.10"5т) and the load (Ppç) calculated. The J 
integral (Jp^) was evaluated in the FEA program (MARC, 1984) by using the virtual crack 
extension method (Parks, 1974, Hellen, 1975). The virtual crack extension method leads 
to the same result (Bakker, 1984; DeLorenzi, 1985) as does the contour Integral method 
introduced by Rice (1968). Linear elastic material properties (Epp-I l09Nm"2, v=0 3, 
this value is supported by values of Poisson's ratio for composites reported by Finger 
( 1974), and Whiting and Jacobson ( 1980) ranging from 0 23 to 0 33.) were assumed This 
is justified by the shape of the measured load-deflection curves showing linear elastic 
brittle response For simplification, the materials were also considered to be isotropic 
and homogeneous. The assumption of linear elastic conditions reduced the number of FEA 
calculations to be carried out for each geometry to one. 
In that case the total amount of elastic energy stored in the specimen as well as the 
strain energy release rate and hence the J integral are functions of modulus of 
elasticity and deflection (u) and hence J can be written as-
J v » J Y (E ,U ) = Y Eu 2 (7.8) 
Неге y depends on the geometry of the specimen and Is a function of (a/W). γ was 
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Figure 7 2 Finite element mesh (deformed structure) with notch depth width ratio 
a a/W« 1 /2, a comparable mesh was used for notch depth width ratio 
a/W-1/4 and 3/4 
b a/W-1 /2, a comparable mesh was used for notch depth width ratio 
a/W» I/20 to 19/20 
determined from the FEA calculations for a/W=l/4, 1/2, 3/4 by 
γ - J F E / (EF E u F E 2 ) (7 9) 
A similar consideration can be given for the J integral as a function of modulus of 
elasticity and load (P) 
JJ-J¿(E.P)" * Ρ2 /E (7 10) 
Here b depends on the geometry of the specimen and is a function of (a/W) δ was 
determined from the FEA calculations for a/W» I /A, I /2, 3/4 by 
δ • J F E EFE / P F E 2 (711) 
Thereafter JyC (or J $ c ) was computed combining γ (or δ) with E and uc (or Pc) 
from measurements for a/W=l/2 If Indeed this agrees with the J|C value determined by 
eq 7 5 as in current fracture mechanics practice, it will be possible to predict the 
deflection (or the load) at the onset of failure of specimens with notch depth width 
ratio a/W-1/4 and 3/4 using the calculated γ (or δ) for a/W=l/4 and 3/4 respectively 
from this material constant J|C measured for a/W= 1 /2 
Because in experimental practice It was impossible to make notch depth width ratio 
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a/W exactly 1 /4, 1 /2, or 3/4 (see Table 7 2), the FEA calculations were repeated with a 
modified mesh (example with a/W-1/2 in Fig 7 2b) with which it was possible to vary 
a/W between 1/20 and 19/20 with step 1/20. Hereafter intermediate values of γ and δ 
could be obtained for the experimental value of a/W by linear Interpolation. The results 
in Table 7 3 are based upon these calculations. 
7 4 RESULTS 
Experiments 
The results of the modulus of elasticity (E) and transverse strength (ö^) 
determinations are given in Table 7.1. The measured notch depth (a), width (W), load at 
fracture (Pc), deflection at fracture (uc) are given in Table 7.2. The calculated critical 
stress intensity factor (K|C), critical value of the strain energy release rate (G|C), 
critical value of the J integral (J|C), UyC) and (J jc) according to eq 7 3, 74 , 75, 78, 
and 7 10 respectively are given In Table 7 3. The calculated conditions for plain strain 
testing (Table 7.4) were based upon the values of K|C and J|C for notch depth width ratio 
a/W-1/2 as in Table 7.3. 
Table 7 I Modulus of elasticity (E) and transverse strength (ϋ^) (average 
ι standard deviation), number of specimens (N) from 
rectangular bar specimens 
E ö b Ν 
material (GNrrT2) (MNm-2) 
Silux 
P-30 
5I1±0.36 
I 2 l l i 0 90 
68ί θ 
119*10 
18 
17 
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Table 7 2 Notch depth (a), width (W), load at fracture (Pc), deflection at fracture (uc) 
measured on single edge notched bend specimens (average t standard 
deviation) number of specimens N 
specimen a W Pc u c N (10- 3 m) (10- 3 m) (N) (10- 6 m) 
1/4 
1/2 
3/4 
1/4 
1/2 
3/4 
0 52i0 05 
1 05+003 
1 64±0 07 
0 53+0 04 
106+0 03 
1 59+0 04 
2064+0 026 
2 052+0 013 
2 050+0 007 
2 029+0 010 
2 028+0 006 
2 034+0 012 
115+0 7 
5 6+0 4 
1 0+0 4 
20 4+1 8 
10 1+07 
2 3+0 5 
77+ 4 
73+ 3 
109+13 
59+ 7 
60+ 4 
78+11 
10 
9 
7 
8 
10 
10 
Table 7 3 Fracture mechanics parameters (critical stress intensity factor ( K ^ ) , 
critical strain energy release rate (G|C), critical value of J integral J|C, 
JyC, and J j c calculated using eq 7 3, 7 4, 7 5, 7 8, and 7 10 respectively) 
determined with composite SENB specimens (average + standard 
deviation) (* plain strain condition not fulfilled) 
K|C G|C J| C J v c J j c 
specimen (І1МггГ3/2) ( J m - 2 ) Urn"2) ( J m - 2 ) (JnT 2 ) 
Silux 
P-30 
1/4 
1/2 
3/4 
1/4 
1/2 
3/4 
0 98+0 03* 
0 99+003 
0 72+0 06 
182+0 03* 
188+0 12 
138+0 12 
172+16 
173+16 
92+16 
248+71 
266±39 
142+27 
286± 24 
203+ 11 
136+ 40 
410+100 
310+ 37 
196+ 35 
179+22 
178+20 
191+47 
252+62 
281+43 
258+75 
182±26 
180+28 
124+94 
255+48 
264±43 
133+53 
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Table 7 4 Conditions for plain strain K|C and J|C testing (* condition 
not fulfilled) 
specimen 
Silux 1/4 
1/2 
3/4 
P-30 1/4 
1/2 
3/4 
K|C testing 
2 5(K|C /öb)2 
(10"3m) 
0 52* 
0 53 
0 28 
058* 
0 62 
0 34 
J|C testing 
25J | C / ö b 
(Ю'Зт) 
0 105 
0 074 
0 050 
0086 
0 065 
0 041 
Table 7 5 Fracture mechanics parameters calculated with finite element analysis 
PpE and Jpg were obtained from FEA calculations thereafter γ, δ, K|, G|, 
and J| from eq 7 9, 7 11, 7 3, 7 4, and 7 5 respectively 
a/W PFE 
(N) 
1/4 0571 
1/2 0 300 
3/4 0 080 
FEA calculations 
J F E , (Jm-2) 
2 464 
2 661 
1575 
Y 
(m-1) 
6 160 
6 653 
3 938 
h 
(109(τΓ3) 
7 569 
29 55 
2443 
K| 
(MNm-3/2) 
0 05125 
0 05360 
0 04153 
(Jm-2) 
2 390 
2614 
1570 
Um"2) 
3 806 
3 000 
1606 
The results or the FEA calculations for Pp^ and Jpg for fixed deflection are given In 
Table 7 5 With the evaluated load PFE, K| is computed according to (7 3), G| to (7 4), J| 
to (7 5), while γ is computed according to (7 9) and Ь according to (7 11) using Jpf 
Combination of experiments and calculations 
The uc (or Pc) of specimens with notch depth width ratio a/W-1/4 and 3/4 for both 
Silux and P-30 was predicted, based on the calculated values of JyC (or J j c ) measured 
on 5ENB specimens with notch depth width ratio a/w=l/2 for the two composites The 
results are presented m Fig 7 3 and Fig 7 4 
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3/4 
Silux-
P-30-
Silux-
P-30-
predicted 
measured 
"T" 
01 u (mm) 
Figure 7 3 Comparison of predicted and measured critical deflection (uc) for both Silux 
and P-30 
УА' 
Silux 
P-30^ 
Silux-
P-30-
— ι — 
1 0 
predicted 
measured 
20 25 
P(N) 
Figure 7 4. Comparison of predicted and measured load at fracture (Pc) for both Silux 
and P-30 
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7 5 DISCUSSION 
SENB specimens even with a size as small as in this study are adequate to measure 
the fracture mechanics parameters The size used Is dictated by the dimensions of 
available human tooth tissue, which will be used in future experiments The conditions 
for valid plain strain K|C and J|C testing are fulfilled (Table 7.4), except that those for 
the validity of K|C (Silux and P-30) for notch depth width ratio a/W=l/4 are in doubt 
(indicated with * in Table 7 3). The determined K|C values (a/W=l/4), however, are in 
good agreement with the valid values obtained with a/W»l/2 (Table 7.3). This indicates 
that fracture mechanics can be applied to the specimens used. 
The moduli of elasticity for Silux and P-30 (Table 7.1) are comparable to those 
measured by Reinhardt and Vahl ( 1983a) (51 lux. E=3.3-5 3 GNm"2 and P-10· E= 14 GNm"2). 
The measured transverse strengths (Table 7.1) correspond to the values given by Boyer 
et 5/(1984) (Silux σ 0 - 67 I ±3.1 MNm"2) or Reinhardt and Vahl (1983b) (P-30 ö b -
Ι25ΜΝ[τΓ2) 
The measured values for the critical stress intensity factor K|C for Silux 
(K|C=0 99±0 03 MNm"3 / 2) and P-30 (K)c=l 88±0.12 Μ Ν Γ Τ Γ 3 / 2 ) show a comparable 
relationship as their chemical curing equivalents Silar (K|C-0865+0.057 MNm"3 / 2, 
Lloyd and Mitchell, 19Θ4 and K|C= 102 MNm"3 / 2, Goldman, 1985) and P-10 
(K|C=1 265+0038 MNm"3 / 2, Lloyd, 1983 and K|C= 1 60 MNm"3''2 Goldman, 1985). the 
posterior composite having a higher K|C value than the anterior composite. 
The critical values of the J integral determined in four ways Ц
с
, G|C, Jyc and J5 C ) 
are in good agreement although the J|C values are larger for the notch depth width ratio 
a/W<l/2 This Illustrates that the validity of eq 5 Is conditioned by a/W>0 5 
As shown in Table 7 5, a rather good agreement between Jp^ and G| exists while, as 
expected J| approaches the corresponding values of Jpp and G| when notch depth width 
ratio a/W becomes larger than 0.5 For a/W=1/2, J| overestimates the J integral value 
by \Ъ% 
Prediction of the critical deflection (uc) or the load at fracture (Pc) of specimens 
with a/W=l/4 and 3/4 from a combination of measurements and calculations of Jyc or 
J j c fora/W=1/2 is also seen to give reliable estimates 
It can be concluded that the three-point bend test used has been shown to be 
adequate to measure K|C, G|C, J|C, òyZ and J j c for two dental composite materials, 
whereas FEA combined with the measured material constants applied on cracked 
structures (in this case SENB specimens) promises reliable results in failure prediction. 
7 6 STRESS CRITERIA 
The SENB specimen (length of the model is equal to the span: 12mm, width: 2mm, 
thickness 2mm), was also modeled for FEA having a saw-cut (width 0.2 mm) instead of 
a flat crack in order to calculate the stresses at the semicircular end of the sawcut. 
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Figure 7 5 Deformed structure of FEA model of 5ENB specimen having a saw-cut 
a • 
•0· 
* 
a· 
Axx 
Ayy 
Агг 
Αχγ 
A (IO'6/ii)»m) 
- 9 0 ít 90 - 9 0 - 7 5 - 6 0 - 4 5 -30 -15 0 15 30 45 60 75 90 
posllion (degree) 
• A d p 
•0· Amm 
A (10'6/ 
35 
30 
25 
20 
rn'm) 
15 
to 
5 
-90 -75 -60 -45 -30 -15 0 15 30 45 60 75 90 
position (degree) 
Figure 7 6 a Stress components per unit loading force as a function of position along 
seml-ctrcular end of saw-cut (Fig 7 5) 
b Equivalent stress according to m and DP criterion per unit loading force 
as a function of position along semi-circular end of saw-cut (Fig 7 5) 
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Second order isoparametric, distorted, plain strain elements were used Linear elastic 
material properties (Youngs modulus EpE=l IO9 Nm"2, Poisson's ratio -ОЗ) were 
assumed The deflection was prescribed (ирЕ= 2 I0"5m) and the reaction force (Pp^) 
calculated In Fig 7 5 the deformed structure is plotted to show the behavior of the bar 
under loading 
The calculated four components of stress at the semi-circular end of the saw-cut 
(oxx, öyy, ö z z , and öXy) were normalized by dividing them by the reaction force 
Αχχ-<Χχχ/ΡρΕ ( 7 , 2 ) 
The Α
χχ
, Ayy, A2Z, and Aw are given in Fig 7 б a The equivalent stresses according to 
modified Von Mises criterion (Chapter 6 eq 6 3) and Drucker-Prager criterion (eq 6 5) 
were also normalized The Am and Agp are found in Fig 7 б b It can be seen in Fig 7 6 b 
that the two entena show their maximum in the plane of symmetry 
Using these maximum values in combination with the measured loads at fracture as 
given in Table 7 2 for Silux and P-30 results in the critical values of the equivalent 
stresses о щ е and öppc: a s 9,νβη in Table 7 6 
Table 7 6 Critical values of the equivalent stresses according to MM 
criterion (сГ|чіч
с
) and DP criterion (вор
с
) calculated from the 
fracture load for the semi-circular end of the saw-cut (Fig 
7 5), (average + standard deviation, N number of specimens) 
specimen 
Silux 
P-30 
^ММс 
(Ι06ΝιτΓ2) 
I 7 9 i 13 
324 i 22 
<*DPc 
(106Nm-2) 
149 i 11 
267 i 18 
Ν 
9 
IO 
The expected correspondence between the critical values of MM criterion and DP 
criterion (Table 7 6) with measured transverse strength (Table 7 1) is not found 
However, the critical values of MM criterion and DP criterion as found here for mode I 
agree with the values found for mode II in Chapter 9 
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81 ABSTRACT 
In a previous study the critical values of the opening mode stress intensity factor K|, 
Its equivalent the strain energy release rate G| or the J integral (In the elastic case 
being equal to that of G|) were determined for composite resin 
In this study the critical values of K| and J| were measured with single edge notched 
bend (SENB) specimens of composite resin bonded to enamel, with the notch depth at 
midspan at the bonded interface The values of K|C and J|C to be used in a fracture 
mechanics application for failure prediction of a stmcture depends on the knowledge of 
the texture of the enamel Where interfacial failure is to be expected, the following 
values for J|C and K|C can be used 
Si lux J|C«145±35 Jm" 2 , and K|C-0 84i0 16MNm"3 / 2 
P-30 J|C=163±I3 Jm" 2 , andK|C=1 02i0 07 MNm" 3 / 2 
When enamel failure is expected or where the failure mode can not be predicted, the 
following values can be applied 
Silux J|C»89il5 Jm" 2 , andK|C=0 84iO 16MNm"3 / 2 
P-30 J| C =89il5Jm" 2 , andK|C=0 75iO IOMNm"3 / 2 
8 2 INTRODUCTION 
Fracture mechanics parameters like the critical stress intensity factor K|C or the 
critical stram energy release rate G|C have been measured before for amalgam 
(Cruickshanks-Boyd and Lock, 1983, Lloyd and Adamson, 1985) and for composite 
(Roberts et al, 1977, Lloyd and lanetta, 1982, Lloyd, 1982, Lloyd, 1983, Lloyd and 
Mitchell, 1984, Lloyd, 1984) 
So far only the fracture parameter "work of fracture" (Tattersall and Tappin, 1966) has 
been used to characterize the interface between gold and porcelain or composite and 
enamel (Rasmussen, 1978) However, this parameter takes into account the fracture 
process as a whole, and crack initiation and propagation energy are not distinguished 
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The J integral (Rice, 1968) In the most simple application Is a fracture initiation 
parameter The "work of fracture" can not, or not uniquely, be converted to the J integral 
(Srawley, 1976a) and therefore can not be used in conjunction with finite element 
analysis (FEA) Recently, (Chapter 7) the J integral was introduced in dentistry The J 
integral, in the elastic case equivalent to the strain energy release rate and closely 
related to the stress intensity factor, has the advantage that it can easily be computed 
with (FEA) (Marc, 1984) This allows the calculation of the failure load on any arbitrary 
structure with a crack, eg a restored premolar in which a gap between composite and 
dentin exists 
In this study the K|C and J|C of the interface of composite bonded to enamel were 
determined experimentally Single edge notched bend (SENB) specimens are tested in a 
three-point bend experiment at monotonically Increasing deflection 
8 3 MATERI ALS AND METHODS 
An anterior and a posterior light-cured composite were used (Sllux®, a BisGMA resin 
with colloidal silica particles, average size 0 04 μπι, f i l ler content 51% by weight 
according to the manufacturer, batch 121384, 5502U, 4BC1, and P-30®, a resin-bonded 
ceramic with silane-treated, zinc-oxide glass particles, average size 3 5 urn, fil ler 
content 87% by weight according to the manufacturer, batch 032085, 93305L, 5C4P, 3M 
Co, St Paul, MN, USA) Due to the difference in textura! orientation of the enamel and 
hence the possible difference in bonding behavior (Munechika et ai, 1984), two types of 
bond test specimens were made Pieces (2x2x6 mm) were cut from human premolars 
extracted for orthodontic purposes, and after extraction stored in tap water at 40C until 
use The long axis of a piece was oriented more or less perpendicular (type 1 ) or parallel 
(type 2) to the buccal surface (Fig 8 1) In the type I specimens the buccal end was used 
for bonding, in the type 2 specimens the occlusal end After the bonding end had been cut 
off perpendicularly, the enamel was etched with 35% phosphoric acid (Etching gel, 3Γ1 
Co) (60 s) cleaned with waterspray (20 s) and dried with compressed air (15 s) 
Following the application of a bonding agent (Scotch bond®, 3M Co) the piece was placed 
into a brass mold with the prepared enamel surface at midspan The remaining part of 
the mold was filled with composite and polymerized under a glass cover with a visible 
light source (Translux®, Kulzer & Co GmbH Bereich Dental, D-6382 Fnednchsdorf 1, 
Federal Republic of Germany) (3 times 40 s each piece) The dimensions of the 
specimens were 16x2x2 mm 
A notch (depth a=l Omm) was machined with a diamond disk (537/220 H superdlaflex 
Honco®, Hopf Ringleb & Co GmbH, Berlin 45, Federal Republic of Germany) (diameter 22 
mm, thickness 0 15 mm) using water coolant Before testing, all specimens were stored 
in tap water at 370C for one day The specimens were then fractured in a three-point 
bend test (span 5=12 mm) (Fig 8 2) with an Instron testing machine (cross head speed 
0 5 mm/min) and load-deflection (P,u) curves were recorded The thickness (B) and the 
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'L..J composite 
1=1 enamel 
I Identm 
type 1 
•"IpiuHi 
type 2 
Figurée 1: Cross section of a premolar (buccal-palatal) Indicating the position of 
tooth part for 
a. tvoe 1 specimen and SENB specimen type I 
b. type 2 specimen and SENB specimen type 2. 
£L 
ТУ TT 
Figure 8.2: Three-point bend test: P· load, u. 
deflection at mldspan; 5. span, 
W· width; a· notch depth 
width (W) were measured with a micrometer and the notch depth (a) with a measuring 
microscope. 
K|, and J| were calculated from: 
Ρ 5 3(a/W) ' / 2 [ 1.99-a/W( I -a/W)(2.15-3.93a/W*2 7(a/W)2] 
Kl­ ee η 
В W 3 ' 2 2( 1 +2a/W)( I -г№5/2 
(Srawley, 1976b), and 
2 [ P d u 
В (W-a) 
for a/W>0.5 (8.2) 
(Rice eta/, 1973; and Srawley, 1976a). 
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If the load at fracture (Pc) was substituted, the critical values of these parameters K|C 
and J|C were obtained. 
Thereafter the validity for plain strain K|C testing according to ASTM standard 
E399-78A (1979) must be evaluated by calculating the minimum specimen size 
requirements for a, B, W-a, and W: 
a, B, W-a, and W/2 > 2 5 (K|C/ay)2 , (8.3) 
where Ογ indicates the yield strength. 
The validity of plain strain J|C testing was evaluated according to the conditions of 
ASTti E813 ( 1982) for В and W-a: 
B, andW-a>25J|C /ö0 , (8.4) 
where a0 is called the flow stress and is the average of the yield strength ογ and the 
ultimate tensile strength (Ewalds and WanhUl, 1984). Where of composite or interfacial 
failure occurred, the transverse strength (σ^) (Silux 68 MNm-2 and P-30. 119 MNm-2, 
Chapter 7) was used and for enamel failure the diametral tensile strength (Of 30 
MNm-2, Hannah, 1970) 
A light microscope was also used to determine the failure type (enamel, composite, 
or interfacial failure) Where the failure mode could not be discovered with the light 
microscope, a scanning electron microscope (PSEM 500, Philips, Eindhoven, The 
Netherlands) was used Because failure initiation parameters were measured, the main 
attention was directed to the failure type in the area at the end of the notch where 
failure initiated Three types of failure initiation could be expected in the enamel, in 
the composite, and at the interface 
8 4 RESULTS 
Bond test specimens in which Silux (number of specimens N=6) was used as the 
composite material, always failed in the composite or at the interface (N=5) (for Silux 
the distinction of these two failure types was not investigated) except one which failed 
in the enamel (N-l) On the contrary, when P-30 was used (type 1 N-12, type 2 N-5) all 
three failure initiation types were observed Failure initiation in the enamel occurred in 
8 (type 1) and 4 (type 2) cases (example in Fig 8 3.a,b), composite failure in 3 (type 1) 
and 0 (type 2) cases (example in Fig 8 3.c,d), and interfacial failure In I (type 1) and 1 
(type 2) of the cases (example in Fig 8.3.e,f) The measured K|C and J|C and their 
standard deviations are given in Table 8 1 and in Figures 8.4 and 8 5. The calculated 
conditions for plain strain testing according to eq. 8 3 and 8.4 are given Table 8 2 
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Figure 8.3: SEM micrographs; example of failure initiation in the enamel (a,b), in the 
composite (c,d); and at the interface (e,f). left: composite part, right: tooth 
part of 5ENB specimen. 
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Table 8 1 Measured J|C and K|C values (average ± standard deviation) for bond test 
specimens (in case of one measurement the estimated accuracy of the 
measurement is given) (N number of specimens) (* condition for plain 
strain testing not fulfilled) 
specimen failure type J|C N K|C 
Urn"2) ( г т г 3 / 2 ) 
Si lux type 1 enamel 
composite/ 
Interface 
P-30 type 1 enamel 
composite 
interface 
type 2 enamel 
composite 
interface 
137+11 
145 + 35 
87 i 12 
166+ IO 
M3+ 16 
93 + 23 
„ _ — 
172 + 27 
1 
5 
8 
3 
1 
4 
-
1 
081 + 0 0 1 * 
084+ 016 
0 75± OIO* 
1 05 ± 0 06 
0 94+ 0 02 
1 24 + 0 25* 
218+ 003 
Table 6 2 Conditions for plain strain K|C and J|C testing (* condition not fulfilled) 
K|C testing 
(eq 8 3) 
(I0"3m) 
182* 
0 38 
1 56* 
019 
016 
427* 
084 
specimen failure type 
Silux type 1 enamel 
composite/ 
interface 
P-30 type 1 enamel 
composite 
interface 
type 2 enamel 
composite 
interface 
J|C testing 
(eq 8 4) 
(l0-3m) 
0114 
0 053 
0 073 
0 035 
0 030 
0078 
0 036 
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specimen 
type 
SiluxJ 1 
P-30-
Э^ 
1.0 
L J enamel 
Ш comp/mterface 
S composite 
ІШ interface 
2 0 2 5 
K | c ( M N m 3 / 2 ) 
Figure 8.4: K|C values for the composite-enamel bond (from Table 8 l ) 
specimen 
type 
Silux 
P-30 
J|c(Jm 
Figure 6.5. J| C values for the composite-enamel bond (from Table 8.1 ). 
8.5 DISCUSSION 
The condition for validity of K|C testing In the case of enamel failure (Table 8.2) 
shows that the validity of these K|C values must be doubted. The real plain strain values 
are supposed to be smaller than these apparently mixed mode (plain stress/plain strain) 
values. The K|C value for the bond of Silux to enamel (enamel as well as composite or 
interfacial failure) (Table 8.1) falls into the range of the K|C value for Silux composite 
(K|C«0.99i0.03 M N m " 3 / 2 , Chapter 7), whereas the J | C value for the bond of Silux to 
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enamel (Table 8 1) is lower than the J|C value for Silux composite Цс=203±11 Jm" z , 
Chapter 7) To explain this result the relationship between strain energy release rate G| 
(in the linear elastic case being equal to J|) and the stress intensity factor K| Is 
recalled 
J | - G | - ( l - v 2 ) K | 2 / E , (85) 
where ν stands for Poissons ratio and E for modulus of elasticity As the E value for 
enamel and even dentin (E=20-80 GNnrf2, 10-15 GNm"2 respectively. Waters, 1980) is 
much higher than the E value for Silux (E-5 GNm"2, Chapter 7), the tooth tissue part of 
the 5ENB specimen for bond testing introduces a higher value for E in eq 8 5 compared 
with 5ENB specimens of Silux only This reduces the J| value 
The K|C and J|C values for the bond of P-30 to enamel are lower than the K|C and J|C 
values for P-30 composite (Table 8 I) (K|C-188±0 12 MNm"3 / 2, J|C-310i37 Jm" 2 , 
Chapter 7) The J|C values for enamel failure of the P-30 enamel bond are lower than the 
composite or interfacial failure values, but there is no difference between type 1 and 
type 2 specimens However, the K|C values (Fig 8 4) for type 2 are higher than the type 1 
values This difference again can be explained using eq 8 5 and realizing that E values of 
P-30 (E=12 GNm"2, Chapter 7) and dentin are more or less the same, therefore it is the 
contribution of the enamel that counts It can be seen In Fig θ 1 that type 2 specimens 
must have a higher overall E value than type 1 specimens Most interesting Is that J|C 
values for composite or interfacial, for both types of specimens and for Silux and P-30 
are the same and lower than J|C values measured with entirely composite specimens 
(Chapter 7) This can be explained by assuming a weaker Interfadal layer (bonding 
agent?) to be present, implying that composite (Fig 8 3c,d) and interfacial (Fig 8 3e,f) 
failure can be treated as one failure type 
Expected differences in bonding behavior between type 1 and type 2 specimens were 
not reflected in different failure strength values In both types of specimen there is the 
possibility of variation in prism orientation, the prisms being directed obliquely to the 
interface (Retief et ai, 1982a) It depends solely on the Individual texture of each 
specimen in the failure initiation region at the end of the notch whether the apparently 
preferable (less energy consuming), enamel failure type parallel to the prisms takes 
place or not In all cases of failure initiation m the enamel, cleavage parallel to the 
prisms occurred (Rasmussen et al, 1976) The K|C values for enamel failure correspond 
well with those (K|C-0 7-127 MNm"3 / 2) from Hassan et al (1981), which were 
measured with an indentation test 
The type of failure Initiation (enamel, composite, or interfacial) could be determined 
afterwards and different failure types correspond to different K|C or J|C values 
However, when considering a structure and applying fracture mechanics to predict 
failure, the micromechamcal texture of the materials m situ is unknown and therefore 
it is almost impossible to choose the correct failure type in advance and hence the 
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appropriate K|C or J|C values to use Because in failure prediction, a loading level beyond 
which failure may occur must be established, it is obvious that when there is a choice 
between enamel, composite, or interfacial failure, the failure initiation type with the 
lower K|C or J|C value must be chosen 
In conclusion the following K|C and J|C values are recommended for use in a fracture 
mechanics approach With Silux, when the failure type is expected to be interfacial 
J|C=M5ì35 Jm"2, otherwise J|C"69il5 Jm"2 (enamel failure, value obtained with 
P-30 type 1 and type 2 specimens) and K|C»0 84+0 16 flNm"3/'2 in all cases 
With P-30 when the failure type is expected to be interfacial J|C=163±13 Jm"2 
from type I and 2 specimens), K|C-102±0 07 MNm_3/2 (from type 1 specimens), 
otherwise J|C=89i 15 Jm"2 (from type I and 2 specimens), and K|C=0 75+0 10 ΜΝιτΓ3/2 
(from type 1 specimens) 
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9 I ABSTRACT 
In this study mode II J Integral values were determined for composite (Silux and 
P-30) and the composite-enamel bond Also two stress failure criteria suitable for 
brittle materials exhibiting a larger compressive than tensile strength were used to 
explain failure of composite specimens with a saw-cut loaded in mode II The measured 
mode II J integral values for composite (Silux J||· 98 Jm" 2 , P-30 J|| » 166+39 Jm - 2 ) 
are lower than the mode I values (Silux J|= 160 Jm" 2 , P-30 J| = 270 Jm"2, Chapter 7), 
while the mode II values for failure of the composite-enamel bond (Silux-enamel J|| = 
307 Jm" 2 , P-30-enamel JM • 139 Jm - 2 ) are higher than the mode I values 
(Silux-enamel J| » 144 Jm" 2 , P-30-enamel J| • 111 Jm" 2 , Chapter β) This implies 
that for indication of a save load-limit the lower values of mode I and mode II have to 
be used 
The stress failure criteria appeared to have at least qualitative properties as they 
indicated the site of failure initiation Quantitatively, however, they resulted in higher 
strength values than expected from known transverse strength values 
9 2 INTRODUCTION 
When a large crack Is present In a structure like a composite-restored premolar 
without composite-dentm bond, fracture mechanics can be applied to predict 
mechanical failure of the structure A crack tip can be loaded in three different ways 
(Fig 9 1) the opening mode (mode I), the sliding shear mode (mode II), and the rotational 
shear mode (mode III) Mode I fracture mechanics parameters were investigated before 
(Chapter 7 and Θ) The aim of this study was to measure the mode II J integral and 
estimate its importance relative to mode I failure Although a flat crack Is assumed in J 
Integral calculation, i t is experimentally realized by a saw-cut with finite width and a 
semi-circular end Except for the J integral approach, in which the finite width of the 
saw-cut is neglected, failure of the single edge notched bend (SENS) specimens can also 
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Figure 9 1 The three modes of crack loading Mode I, Mode II, and Mode III 
be analyzed by calculating equivalent stresses according to a modified Von Mises (MM) 
criterion and Drucker-Prager (DP) criterion (Chapter 6) The equivalent stress Is 
calculated for the semi-circular end of the saw-cut In this way the failure site and 
moment can be predicted Using the same specimen geometry as before (Chapter 7 and 8) 
a new device had to be developed to load those (5ENB) specimens in shear It is intended 
to test mode II failure not only of composite but also of the composite-enamel bond 
9 3 MATER I ALS AND METHODS 
Experiments 
Specimens (16x2x2 mm) of composite (Silux®, a BisGMA resin with colloidal silica 
particles, average size 0 04 ц т , fil ler content 51% by weight according to the 
manufacturer, batch 021585, 5502U, 5H2, and P-30, a resln-bonded ceramic with 
si lane-treated, zinc-oxide glass particles, average size 3 5 urn fi l ler content 87% by 
weight according to the manufacturer, batch 032085, 93305L, 5C4P, 3M Co, St Paul, MN) 
were made according to the method described in Chapter 7 Bond test specimens type 1 
(with enamel prisms perpendicular to the interface) were made according to Chapter 8 
To test the mode II J integral, specimens were notched at midspan (notch depth a = 1 
mm) After storage in tap water for one day, the specimens were fractured in a mode II 
loading device This device was installed on an Instron testing machine (cross-head 
speed 0 5 mm/mln) The load (Pc) at fracture was recorded The mode 11 loading device 
(schematically drawn in Fig 9 2) was designed such that the two halves of the specimen 
could be displaced in opposite direction Care was taken to have the working line of the 
load in the sliding plane The thickness (B) and the width (W) were measured with a 
micrometer and the notch depth (a) with a measuring microscope 
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Figure 9.2: Schematic drawing of mode II loading device, a: part connected to 
cross-head, b: part connected to Instron, с specimen. 
FEA 
Specimens were modeled for FEA using second order isoparametric, distorted, plain 
strain elements. The models were restricted tol2x2x2mm, which is considered to be 
sufficiently long. The deflection was prescribed (upf - 2 10"6m) and the reaction force 
(Ppf) calculated. Linear elastic material properties (Young's modulus· EpE=l 109 Nm"2, 
Poisson's ratio: v=0.3) were assumed. The materials were also assumed to be isotropic 
and homogeneous. The J integral (JpE) was calculated by the virtual crack extension 
method (Parks, 1974; Hellen, 1975) using the model of which the deformed structure is 
given lnFlg9 3.a. 
In the linear elastic case the J integral can be expressed as. 
J j » δ Ρ2 / E , (9 1) 
where & depends mainly on the geometry of the specimen. Swas determined from FEA 
by: 
4 = J F E E F E / P F E 2 . (9.2) 
J j was calculated using & from eq. 9.2, the measured load at fracture (Pc) and E (Silux 
E» 5.11 .109Nm"2, and P-30: E=I2.11 .109Nm"2, Chapter 7). The J Integral for the bond 
test specimens was estimated using the model in Fig 9.3.a, but assigning approximate 
values for the Young's modulus to the various parts of the model corresponding to 
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a 
b 
Figure 9 3 Deformed structure of FEA model of specimen 
a with crack and notch depth width ratio a/W=l/2 
b having a saw-cut with semi-circular end 
enamel E = 50, dentin E = 15, and composite Silux E = 5 109Nm"2, and P-30 
E = 12 109Nm"2 In this case δ/Ε is determined from FEA 
i / E = J F E / P F E 2 (9 3) 
The equivalent stress according to MM criterion can be defined by 
(k-DJ, W ( ( k - 1 ) 2 J , 2 - l2J2'k} 
'MM' 
2k 
(9 4) 
where к is the ratio of compressive and tensile strength (k=8) and J| the f irst invariant 
of the stress tensor 
J] • О\ * 02 * Ö3 , (95) 
with 0\, O2, and Ö3 principal stresses, and J2' the second invariant of the devlatorlc 
stress tensor 
J2' = -1/6 ( ( ö | - Ö2)2 + (Ö2" 0 3 ) 2 + ( σ 3 " σ ΐ ) 2 ) 
The equivalent stress according DP criterion can be defined by 
(9 6) 
CHAPTER 9 111 
к-1 кЧ 
σ0ρ J) • ^(-3 J2 ) (97) 
2k 2k 
Another possibility to analyze the failure of the notched specimens becomes 
apparent when the saw-cut is modeled with width (0 2 mm) and a semi-circular end (RC 
model Fig 9 3 b) In that case the equivalent stresses according to MM criterion and DP 
criterion can be calculated for the saw-cut end The fracture load (Pc) measured with 
the RC specimens loaded in mode II can be used to calculate the critical value ( O f ^ ) of 
the equivalent stress according to MM criterion Therefore A ^ , which relates 
equivalent stress ( ö | ^ ) to load ( Ρ ^ ) and depends on the geometry of the model, was 
determined from FEA using the model shown in Fig 9 3 b 
ö M M = A r t 1 P F E , (96) 
where ö ^ and Pp^ were calculated with FEA. Then the failure stress according to MM 
cnteron (отче) was obtained by putting Pc into eq 9 θ for the maximum equivalent 
stress in the failure area The failure stress according to DP criterion was obtained in a 
similar way 
9 4 RESULTS 
The values of b (for model of composite specimens) and δ/Ε (for model 
composite-enamel bond specimens) determined by FEA are given in Table 9 1 Analysis 
of stress components at the crack tip (model Fig 9 3 a) revealed that the loading mode 
was predominantly mode II 
The estimated values of the mode II J integral for composite (based on eq 9 2) and 
the composite-enamel bond (eq 9 3) are given m Table 9 2 The measured notch depth (a) 
is also given in Table 9 2 
Table 9 1 Values of Ò (eq 9 2) and δ/Ε (eq 9 3) calculated by FEA 
Model (Fig 9 3 b) δ δ /E 
( I t A n - 3 ) ( N - ' r r f 1 ) 
composite 0 1794 
51 lux-enamel 0 03969 
P-30-enamei 001576 
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Table 9 2 Mode II J integral values (J¿) for composite and composite-enamel bond, 
Critical values of the equivalent stresses according to MM criterion (Of^c) 
and DP criterion (öppc;) calculated from fracture load, (average ± standard 
deviation, N number of specimens, a notch depth) 
specimen 
Silux 
P-30 
Si lux-enamel 
P-30-enamel 
Um"2) 
98 i 31 
166± 39 
307+ 133 
139í 62 
0mc 
(l06Nm"2) 
M9±22 
297±34 
«DPC 
(l06Nm-2) 
122+18 
245±28 
N 
11 
12 
6 
6 
a 
( І ( Г 3 т ) 
0 927 i 0 034 
0 944 ± 0 088 
1035 + 0 097 
1 049 i 0 096 
The AX X l Ayy, A z z, and Ακγ, calculated by FEA for the four stress components at the 
semi-circular end of the saw-cut in the RC model (Fig 9 3 b) are shown in Fig 9 4a The 
Afin a n d ^DP according to MM criterion and DP criterion are given in Fig 9 4b The site 
of failure initiation observed in the experiments was indicated by MM criterion and DP 
criterion The critical values according to MM and DP criterion are given in Table 9 2 
9 5 DISCUSSION 
The mode II J integral values for composite (Table 9 2) are lower than the mode I 
values (Silux J = 180 JrrT2, P-30 J = 270 Jm" 2 , Chapter 7) While the estimated values 
of the mode II J integral for the composite-enamel bond (Table 9 2) are higher than the 
mode I values (Silux J = 144 Jm" 2 , P-30 J = 111 Jm" 2 , averaged for all failure modes, 
Chapter 8) This implies that In general structural analysis, where the exact fracture 
mode is not known in advance, the following values can be used for composite failure 
(Silux J - 98 ± 31 Jm" 2 and P-30 J - 166 + 39 Jm"2) and for failure at the interface 
(Silux-enamel J = 89 • 15 Jm" 2 and P-30-enamel J = 89+15 Jm" 2 Chapters) If mode I 
and mode II are governed by the same fracture process, then, from a physical point of 
view the same J integral values are expected However, as this is apparently not the 
case, the differences between mode I and mode II J integral values can probably be 
explained by assuming different fracture processes taking place resulting for example 
in different surface roughnesses On the other hand. It Is good to bear In mind that for 
failure prediction critical loads have to be found This implies that (eq 9 1) variation of 
J by a factor 4 results in variation of Ρ by a factor 2, which makes the differences as 
found between mode I and mode II less dramatic 
From Fig 9 4b it can be seen that MM and DP criterion reach their maximum value at 
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an angle of 45° to the right Experimental failure of composite specimens was always 
observed according to the site predicted by MM and DP criterion Unfortunately, the 
expected correspondence between the critical values of MM criterion or DP criterion 
(Table 92) with measured transverse strength (SHux ϋ
ύ
= 66 MNm"2 and P-30 öb= 119 
MNm"2, Chapter 7) is not found Either the entena are not capable of fully describing 
the failure behavior, the 2-dimensional analysis is insufficient, or perhaps material 
properties were changed at the semi-circular end of the saw-cut by the cutting 
a • - A « 
O-Ayy 
•-A27 
D- Axy 
2000-r 
1500 
1000 
500 
0 Ì A(1000/m<m) 
-«0 -75 -40 - « -30 -15 0 15 30 « 60 75 «0 
position (d·^««) 
po«lllcn(d*9r*·) 
Figure 9 4 a Stress components per unit loading force as a function of position along 
semi-circular end of saw-cut in model RC (Fig 9 3 b) 
b Equivalent stress according to MM and DP criterion per unit loading force 
as a function of position along semicircular end of saw-cut In model RC 
(Fig 9 3 b) 
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10 1 ABSTRACT 
Slices cut from maxllary premolars being sound, having an occlusal cavity 
preparation, or restored with an occlusal composite restoration or a composite cusp 
buildup were mechanically tested by indenting a cylinder between the two cusps Finite 
element analysis (FEA) was used on models of individual slices. The FEA was combined 
with stress failure criteria for materials showing a larger compressive than tensile 
strength and a fracture mechanics parameter (J integral) to understand the mechanical 
failure behavior of the experimental slices, it appeared that high stresses calculated by 
FEA according to the stress criterion in conjunction with expected crack extension 
according to the J integral explained the cleavage and interfacial failure types observed 
in the experiments. The reduction in strength (about 50%) introduced by the preparation 
compared to the sound slice was almost recovered by restoration with the enamel 
bonded posterior composite. Even a cusp buildup, in which the restored cusp is in a load 
bearing situation, gave the slice nearly its original strength. 
10.2 INTRODUCTION 
Apart from clinical research to investigate the durability and failure behavior of 
restored teeth (Cavel et al., 1985) also laboratory tests, in which the strength of 
prepared and restored teeth has been assessed, are described in dental literature 
(Mondelli etaK 1980; Re and Norling, 1981; Morin et al, 1984; Eakle and Braly, 1985; 
Eakle, 1986; Gelb et al, 1986). On the other hand theoretical stress analysis by means 
of finite element analysis (FEA) was employed to gain Insight in the structural behavior 
(Farah and Craig, 1974; Farah et al, 1976; Yettram et al, 1976; Craig and Farah, 1977, 
Peters, 1981; Peters and Poort, 1983; Rubin et al., 1984; de Vree et al, 1984). 
Comparison of experimental failure with an averaged FEA model is reported once by Bell 
et al. (1982). However, to establish the value of using FEA for failure prediction of 
restored tooth structures one must combine experiments with FEA, in which each 
individual experiment is analysed separately with its own specific geometry, material 
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properties, and boundary conditions 
The aim of this study was to compare experimental failure of slices cut from sound, 
prepared, and enamel-bonded-compostte restored premolars with 2-dlmenslonal FEA of 
these slices Thereby trying to fulf i l at least the geometrical and boundary conditions, 
while average material properties were used The tools necessary to conduct this 
operation were developed in the preceding chapters Appropriate failure entena for 
materials exhibiting a larger compressive than tensile strength were Investigated in 
Chapter б Fracture mechanics parameters for failure of composite were tested and 
measured in Chapters 7 and 9, whereas fracture mechanics parameters for crack growth 
from the composite-dentm gap were measured in Chapter θ 
As soon as a reliable failure prediction is established based upon FEA, one has the 
possibility to optimize variables like choice of restorative material and design of 
cavity 
10 3 MATERIALS AND METHODS 
Experiments 
- Sound canes free maxilary premolars, extracted for orthodontic purposes, were 
stored in tap water at 4° с until use Four groups were tested sound, with an occlusal 
preparation, with an occlusal restoration, and with a palatal cusp buildup The occlusal 
cavity preparation was prepared using a diamond bur in a high-speed handpiece with 
water coolant, having the following dimensions parallel walls, width of about 2 mm in 
the bucco-palatal direction, depth about 2 5 mm, and meslo-dlstal extension enough to 
ensure proper cutting of a slice with thickness 2 mm The cavosurface margins were not 
beveled For the cusp buildup, the palatal cusp was partly removed, leaving a buccal wall 
identical to that in the occlusal cavity preparation and the cervical margin ending in the 
enamel, which was beveled to obtain better adaptation Again the extension in the 
mesio-distal direction ensured cutting of the slices The mesial and distal walls of the 
cusp functioned as a mold 
The enamel of teeth, that were to be filled, was etched with a viscous etching gel 
(37% phosphoric acid, 3M Co, 5t Paul, MN), applied to the enamel with a fine-tipped 
brush to avoid dentin contact (60 s) The gel was removed using waterspray (20 s) and 
the enamel was dried with compressed air (15 s) Dentin bonding agent (Scotchbond®, 
3M Co, 5t Paul, MN) was applied with a brush, excess being gently blown off with air 
The cavity was filled with a light-cured composite for posterior use (P-30®, a 
resm-bonded ceramic with si lane-treated, zinc-oxide glass particles, average size 3 5 
Urn, fil ler content 87% by weight according to the manufacturer, batch 032085, 
9330SL, 5C4P, 3M, St Paul, MN) After removal of excessive material and contouring the 
enamel margins the composite was cured with a visible light source (Translux®, Kulzer 
& Co GmbH Bereich Dental, D-6382 Fnednchsdorf 1, Federal Republic of Germany) 
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(3 times 20 s). After five minutes the teeth were stored in tap water at 37° С for one 
day. In this period a central slice (thickness 2 mm) was cut out of each crown 
bucco-lingually using a diamond disk with water coolant. The slice was separated from 
the root at the cervical line 
For testing, a slice was erected In a slot (width 2 mm, depth 2 mm, length 16 mm), 
which was machined in a stainless steel support The slice was loaded in "compression" 
In an Instron by indenting a cylinder (diameter 4 mm) between the two cusps (crosshead 
speed 0.5 mm/mm). The movement of the slice was not restricted in the length of the 
slot to have a proper load distribution between the cylinder and the two cusps The load 
was recorded. Failure load was supposed to coincide with catastrophic failure of the 
slice (eg cleavage between the two cusps) but not with chipping of enamel or 
composite in the contact area with the cylinder. 
FEA 
Based on the photograph of each slice individual 2-dimensional FEA input decks were 
generated having a fixed number of elements (32 plain stress elements with four nodes 
to model the slice, 4 gap elements to model the composite-dentin gap, and 7 gap 
elements to model the cylinder) and approplate boundary conditions Linear elastic 
material properties were assumed (Young's modulus enamel: E = 50 .10^ Nm"2; dentin: 
E - 15 .IO9 Nm"2, composite E - 12 .IO9 Nm"2 and Poisson's ratio, ν - 03) Material 
properties of each individual slice could not be determined in a non-destructive way, 
therefore average values taken from literature had to be used 
The failure load measured on that particular slice was used as input for the FEA 
calculation and the equivalent stress (βρη* according to modified Von Mises (MM) 
criterion (Williams, 1973, Chapter 6) was computed: 
( к - Ш | • • / [ ( k - l ) 2 J i 2 - 1 2 ^ ' k} 
tfMM . (10.1) 
2k 
where к Is the ratio of compressive and tensile strength (k=8, as normally observed in 
hard tooth tissues and composite) and J j the first invariant of the stress tensor 
J | » d | + a 2 + Ö 3 , (102) 
with β ) , <Ï2< ^ d σ 3 principal stresses, and J2' the second invariant of the deviatone 
stress tensor 
¿2 » - l / 6 ( ( ö 1 - < Ï 2 ) 2 + ( t f2-<,3 )2 + ( 03-< , l ) 2J (ЮЗ) 
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The equivalent stress according (Cgp) to Drucker-Prager (DP) criterion (Drucker and 
Prager, 1952, Chapter 6) can be calculated by 
k-l k+1 
öDp J , * - / ( - 3 ^ ' ) (104) 
2k 2k 
Both i n criterion and DP criterion have not been validated for failure description of 
enamel and dentin However, as enamel and dentin also have a higher compressive than 
tensile strength ( к * ), equivalent stresses according to fT\ criterion and DP criterion 
wil l also be calculated for the enamel and dentin parts of the slices 
Absence of composite-dentin adhesion could be assumed in the FEA models In that 
case the composite-dentin interface was modeled as not being capable of transferring 
tensile stress The fracture mechanics parameter Ц ) for crack growth (J Integral, Rice, 
1968) was then calculated for the left and right end of the composite-dentin crack 
10 4 RESULTS 
As each slice was treated individually, only one representative of each group of 
slices is presented here The photographs before (a) and after (b) testing, the FEA model 
(c), the calculated distribution of the stress components ( ö x x , Oyy, and oXy d, e, and f 
respectively) as well as the distribution of equivalent stresses according to m 
criterion (g) and DP criterion (h) are given in Figs 10 1 to 10 3 for the sound, occlusally 
prepared, and cusp buildup slices respectively In Fig 104 an example is given of a slice 
(before and after failure) which showed failure in the contact area (occlusal cavity with 
restoration) The measured load at fracture (Pc), the highest equivalent stress according 
to MM criterion (ö|>^c) and DP criterion (ößPc^ a n d t h e J i n t e 9 r a ' a t t h e ' e f t Ц) a n d 
the right (J r) end of the composite-dentin crack are given in Table 10 1 
10 5 DISCUSSION 
High stresses calculated by FEA according to MM criterion and DP criterion (Figs 
10 Ig/h, 10 2g/h, 10 3g/h) combined with highly probable crack extension according to 
the J integral explain the cleavage and interfaclal failures observed in the experiments 
The calculated J Integral values should be compared with the critical value for the 
composite enamel bond ( J|C - 89-163 Jm"2, Chapter 8) The slices, which showed 
failure m the contact area were rejected and excluded from further FEA analysis 
Although MM criterion and DP criterion takes into account the ratio of compressive and 
tensile strength, it does not predict the contact failure type 
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Figure 10.1 a: Sound tooth b: Intercuspal cleavage failure 
c: FEA model d: Stress levels σ
χ χ 
e; Stress levels öyy f: Stress levels öXy 
g: Stress levels σ ^ h: Stress levels öQp 
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Figure 10 2 a Occlusally prepared tooth b: Cleavage failure 
c: FEA model d: Stress levels σ
χ χ 
e: Stress levels Oyy f; Stress levels O ^ 
g; Stress levels a^ h: Stress levels σ^ρ 
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Figure 10.3 a: Cusp buildup b: Cuspal failure 
c: FEA model d; Stress levels axx 
e: Stress levels Oyy f; Stress levels öXy 
g: Stress levels о ^ h: Stress levels Оцр 
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Figure 10 4 a Occlusally restored tooth b: Contact area failure 
Table 10 I Measured load at fracture (Pc), highest stress calculated according to MM 
criterion (оммс^ an<i D P criterion (оор
с
), and J integral at the left (J)) and 
right (Jr) end of the composite-dentin crack for slices, serving as 
examples, given in Figs 10 1 to 10.3. 
sound 
prepared 
cusp 
Pc 
(Ν) 
471 
233 
528 
öMMc 
(106МпгГ2) 
172 
11 
76 
öDPc 
(106МгтГ2) 
166 
18 
81 
(Jrrr2) 
___ 
—-
19 
J R
 о (Jrrr2) 
.__ 
— 
164 
probable explanation will be the presence of local stress concentrations due to cracks, 
material inhomogeneitles in the contact area and deviation from the assumed Idealized 
contact Such features are not accounted for in the coarse FEA modeling. 
The measured fracture loads of the slices with an occlusal preparation (230 N) are 
half the fracture loads of the sound slices (500 N) This corresponds well to the findings 
of Mondelli et зі. (1980), Gelb et al. (1986). The fracture loads of the enamel bonded 
composite restored slices (200-600 N) reach the values of the sound slices (Morin et al., 
1984, Eakle, 1986; Gelb et ai. ,1986) The results obtained with 2-dimensional slices 
and restricted FEA modeling give an indication that a complete, restored tooth is 
perhaps strong enough to withstand normal masticatory loading. These findings support 
the conscious use of composite for e.g. cusp buildup as reported by Lacy (1985). 
However, it must be emphasized that problems related with long term wear properties 
as well as fatigue behavior, which wil l reduce strength, of composites are not 
considered in this study. 
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11 GENERAL DISCUSSION and CONCLUSIONS 
11 1 Discussion 
In previous chapters many specific points related to the aim of this thesis were 
discussed In this chapter some further points of interest wil l be interrelated We start 
with modeling of the cracktip The end of Chapter 2 describes modeling of the cracktip 
for the J integral calculation by FEA J integral values calculated in models, made 
according to the guidelines of the literature, were compared with values obtained in 
models with coarser grid, not having quarter point nodes, nor having elements collapsed 
to triangles It appeared that the use of these simpler elements resulted in lower 
(worst case 30%) J integral values This has implications for the results of Chapter 7, 
8, 9 and 10 In Chapter 7, 8, and 9 critical values of the J integral for mode I and mode II 
failure of dental composite and the composite-enamel bond were determined by FEA 
Models with sufficiently fine grid, quarter point nodes, and collapsed elements were 
used For mode I also analytical equations were available to calculate critical values of 
the fracture mechanics parameters, which gave the opportunity to verify the FEA values 
sufficiently In Chapter 10 a coarse grid was chosen to make FEA models according to 
the geometry of each tested tooth slice, without trying to model unknown details of the 
structure A geometrical refinement was considered unnecessary without precise 
knowledge of the values of the material parameters for that particular slice However, 
the coarse mesh resulted in underestimated J integral values at the composite-enamel 
interface 
Failure sites indicated by modified Von Mises and Drucker-Prager criteria, suitable 
for materials with higher compressive than tensile strength (mode I in Chapter 7 and 
mode II in Chapter 9), were in good correspondence with the angles of maximum J 
integral values calculated (section 3 4) for small cracks at different angles at the 
semi-circular end of a saw-cut with finite width in a 5ENB model These J integral 
values were comparable to those obtained from SENB models with a flat crack, having 
the same length as the saw-cut and small crack together 
In the first pilot study of Chapter 4 cohesive as well as adhesive fracture patterns 
were observed, which has been confirmed later in Chapter 8 where composite-enamel 
SENB specimens were tested In Chapter 8 it appeared that different failure types 
resulted in different J Integral values In the second pilot study it was found that drying 
dentin for SEM may introduce cracks Enamel surfaces, however, seemed to be not 
affected by the drying process Therefore, SEM observation of fractured composite-
enamel bonds as performed in Chapters 4 and 8 may indeed provide additional 
information on the fracture process 
In Chapter 5 polymerization shrinkage stresses at the composite-dentin interface 
were found to be such that this bond is expected to fall Composite-enamel bond failure, 
however, is not anticipated This means that a composite-restored tooth can be 
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considered as a structure with an internal crack As this structure under loading may 
fail within the materials or by crack growth of the existing composite-dentm crack, 
both a stress criterion and fracture mechanics parameters are needed 
in the experiments of Chapter б Drücker-Prager criterion showed a better 
quantitative agreement between the critical values of the equivalent stress for two 
different stress states than the modified Von Mises criterion However, It was found 
that both entena have the possibility to predict the site of failure initiation, if applied 
to the specimens in Chapters 7, 9, and 10 
After having developed and tested the method to measure fracture mechanics 
parameters for composite in Chapter 7, we applied the method in Chapter 8 to determine 
K|C and J|C for the interfacial layer between composite and enamel with 5ENB 
specimens containing a piece of tooth tissue 
In general, loading of a crack in a structure wil l be of a mixed mode Where in 
Chapters 7 and θ the global loading mode was mode I, in Chapter 9 specimens were 
subjected to global loading mode II 5ENB specimens of composite and composite bonded 
to enamel, in combination with FEA of the specimens, were used to determine the mode 
II values of the J integral Mode II J integral values for composite were found to be 
lower than mode I values, but mode II J integral values for the composite-enamel bond 
were higher than mode I values If the same physical fracture process plays a role in 
mode ι and mode 11 failure, the same values for the J Integral for mode I and mode II are 
expected The observed difference between mode I and mode II J integral values can, 
therefore, possible be explained by assuming different fracture mechanisms, which 
result perhaps in fracture surfaces with different roughness Again, depending on 
knowledge of the failure type, the lowest value must be chosen for prediction of safe 
loading conditions Although the discrepancy between mode I and mode II J integral 
values is about a factor 2, it has to be realised that a rough estimate of the real critical 
value of the J integral is sufficient to state a more precise value for a tolerable load, 
because J Is a function of the load squared 
In Chapter 10 the J integral calculated by FEA was used as parameter for extension 
of the crack present between composite and dentin Our model did not take contact 
failure type into account, therefore this failure type is not considered here Stress 
criteria could predict all failure sites at least qualitatively and in the composite also 
quantitatively J integral values determined for crack growth of the composite-dentin 
gap were in the same range as critical values measured m Chapter 7, 8, and 9 
11 2 Conclusions 
In this study it has been shown that fracture mechanics, combined with FEA, can be 
applied on models of tooth-composite structures to predict mechanical failure 
Both a continuum mechanics stress failure criterion (Drucker-Prager) and a fracture 
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mechanics parameter (J integral) are necessary for adequate failure description of a 
composite-restored FEA tooth model 
Lower bounds for the critical values of stress intensity factor and J integral were 
established These values can be used to estimate safe loading conditions 
Relevant fracture mechanics parameters for composite and the composite-enamel 
bond can be measured with small (16x2x2 mm3) 5ENB specimens in a three-point bend 
test 
Using present composites and dentin adhesives, polymerization shrinkage stresses 
are st i l l too large to achieve dentin bonding A durable composite-dentin bond can only 
be obtained after a simultaneous and considerable improvement of dentin adhesives and 
reduction of polymerization shrinkage 
For the specific two dimensional model with internal crack, measurements and 
calculations were consistent 
Based upon fracture loads measured with 2-D slices of restored teeth compared with 
expected loads in the oral environment, it seems justifiable from a mechanical point or 
view to apply posterior composites 
Since the studies presented in this thesis reflect mainly 2-D situations under 
monotonlcally increasing load or deformation, the following suggestions for additional 
research may be formulated 
Determination of fatigue properties of composite and composite tooth interface in 
order to obtain data for long term failure prediction 
Failure experiments with real 3-dimensional restored teeth and 3-D FEA modeling 
In addition attention should be focussed on adjustment of a generalised 
Drucker-Prager stress failure criterion to the failure properties of dental composite, 
enamel, and dentin, and on the development of a non-destructive method to determine 
the constitutive equations for the materials, that have to be modeled for FEA 
CHAPTER Π 126 
REFERENCES 127 
REFERENCES 
ADRIAEN5, PA (1983) De Dentine Behandeling als Interfaceprobleem in de Tandheel­
kunde, ВЕЦЦШзсПЩаоШЗЁЁШ 38 112-115 
ALEXANDRE, Ρ, YOUNG, J , SANDRIK, J L , and BOWMAN, D (1981) Bond Strength of three 
Orthodontic Adhesives, Am J Orthod 79 653-660 
AMSBERRY, W, FRAUNHOFER, JA VON, HOOTS, J , and RODGER5, Η (1984) Marginal 
Leakage of Several Acid-Etch Composite Resin Restorative Systems, J Prosthet Dent 
52 647-653 
ANDERSON, GP, BENNETT, S J , and DEVRIES, KL (1977) Analysis and Testing of 
Adhesive Bonds, New York Academic Press 
ANDERSON, τ F (1951) Techniques for the Preservation of Three-Dlmenslonal 
Structures in Preparing Specimens for the Electron Microscope, Trans NY Acad Sci 
(ser II) 13 130-134 
ANU5AVICE, К J , DEHOFF, PH, and FAIRHURST, CW (1980) Comparative Evaluation of 
Ceramic-Metal Bond Tests using Finite Element Stress Analysis, J Dent Res 59 
608-613 
ASMUSSEN, E and JÖRGENSEN, KD (1972) A Microscopic Investigation of the Adaptation 
of some Plastic Filling Materials to Dental Cavity Walls, Acta Odontol Scand 30 
3-21 
ASMUSSEN, E and JÖRGENSEN, KD (1973) Der Einfluß von Katalysator und Konsistenz 
auf den Kontraktionsspalt bei Füllungen aus Palakav. Dtsch Zahnärztl Ζ 28 660-664 
ASMUSSEN, E (1974a).The Effect of Temperature Changes on Adaptation of Resm 
Fillings l.ActaOftontolScand32 161-171 
ASMUSSEN, E (1974b) The Effect of Temperature Changes on Adaptation of Resin 
Fillings II. Acta Odontol Scand 32 291-297 
ASMUSSEN, E (1975) Composite Restorative Resins Composition versus Wall-to-Wall 
Polymerization Contraction. Acta Odontol Scand 33 337-344 
ASMUSSEN, E (1977a) Marginal Adaptation of Restorative Resins in Acid Etched 
Cavities. Acta Odontol Scand 35 125-133 
ASMUSSEN, E (1977b) Penetration of Restorative Resins into Acid Etched Enamel I 
Viscosity, Surface Tension and Contact Angle of Restorative Resin Monomers, Acta 
Odontol Scand 35 175-182 
ASMUSSEN, E (1977c) Penetration of Restorative Resins into Acid Etched Enamel II 
Dissolution of Entrapped Air in Restorative Resm Monomers, Acta Odontol Scand 35 
183-189 
ASMUSSEN, E (1978) Adaptation of Restorative Resins to Dental Cavity Walls in vitro, 
Thesis, Dental school Copenhagen 
ASMUSSEN, E and MUNKSGAARD, EC (1983) Bonding of Restorative Resins to Dentin by 
Means of Methacryloylchloride and Methacryloyl-R-isocyanate, Scand J Dent Res 91 
153-155 
REFERENCES 128 
A5MUSSEN, E and MUNKSGAARD, EC (1984) Formaldehyde as Bonding Agent between 
Dentin and Restorative Resins, Scand J Dent Res 92 480-483 
A5MU5SEN, E (1985) Clinical Relevance of Physical, Chemical, and Bonding Properties 
of Composite Resins, Ooer Dent 10 61-73 
ASMUSSEN, E and MUNKSGAARD, EC (1985) Bonding of Restorative Resins to Dentine 
Promoted by Aqueous Mixtures of Aldehydes and Active Monomers, Int Dent J 35 
160-165 
A5TM Standard E399-78A, Standard Test Method for Plain-Strain Fracture Toughness 
of Metallic Materials, 1979 Annual Book of ASTM Standards, Part 10, pp 540-561, 
Philadelphia, (1979) 
ASTM Standard Ε8Ι3-ΘΙ, Standard Test Method for J | C , A Measure of Fracture 
Toughness, 1982 Annual Book of ASTM Standards Part 10, Metals-Physical 
Mechanical Corrosion testing, pp 822-840, Philadelphia, (1982) 
BAGHERI, J and DENEHY, G E (1983) Effect of Enamel Bevel and Restoration Lengths on 
Class IV Acid-Etch Retained Composite Resm Restoration, J Am Dent Assoc 107 
951-953 
BAKKER, A (1984) The three-dimensional J-integral An investigation into i ts use for 
post-yield fracture safety assessment, WTHD 167, PhD Thesis, Delft Delft 
University of Technology 
BANK-SILLS, L and BORTMAN, Y (19B4) Reappraisal of the Quarter-Point Quadrilateral 
Element in Linear Elastic Fracture Mechanics. Int J Fracture 25 169-180 
BARNES, I E (1975) The Adaptation of Composite Resins to Tooth Structure, Q Dent Rev 
9 151-155 
BARNES, IE (1977a) The Adaptation of Composite Resins to Tooth Structure part 1 
Study 1 Introduction and the Adaptation of Composite Resins to the Unetched Enamel 
Cavity Wall, ß L ß e n U 142 122-129 
BARNES, IE (1977b) The Adaptation of Composite Resins to Tooth Structure part 2 
Study 2 The Adaptation of Composite Resins to Etched Enamel, Br Dent J 142 
185-191 
BARNES, IE (1977c) The Adaptation of Composite Resins to Tooth Structure part 3 
Study 3 The Adaptation of Composite Resins to Dentine, Br Dent J 142 253-259 
BARNES, IE (I977d) The Adaptation of Composite Resins to Tooth Structure part 4 
Study 4 The Influence of Cavity Wall Instrumentation upon the Adaptation of 
Composite Resins, and Discussion, Br Dent J 142 319-326 
BARNES, IE (1978) Replication Techniques for the Scanning Electron Microscope 1 
History, Materials and Techniques, J Dent б 327-341 
BATES, D, RETIEF, D H , JAMISON, HC, and DENYS, FR (1982) Effects of Acid Etch 
Parameters on Enamel Topography and Composite Resin Enamel Bond Strength 
Pediatr Dent 4 106-110 
BATES, J F, STAFFORD, G D, and HARRISON, A ( 1975) Masticatory Function- A Review of 
the Literature (II) Speed of Movement of the Mandible, Rate of Chewing and Forces 
REFERENCES 129 
developed In Chewing. J Oral Rehabll 2 349-361 
BAUER, J G and HENSON, J L (1984) Microleakage a Measure of the Performance of 
Direct Fi l l ing Materials. Ooer Dent 9 2-9 
BAUSCH, J R , LANGE, К DE, DAVIDSON, C L , PETERS, A , and GEE, A.J DE (19Θ2) Clinical 
Significance of Polymerization Shrinkage of Composite Resins, J Prosthet Dent 48 
59-67 
BEECH, DR and JALALY, Τ (1980) Bonding of Polymers to Enamel, Influence of Deposits 
Formed during Etching, Etching Time and Period of Water Immersion, J Dent Res 59 
1156-1162 
BEECH, DR (1985) Bonding of Restorative Resins to Dentin In Posterior Composite 
Resin Dental Restorative Materials. G VANHERLE and DC SMITH, Eds, The 
Netherlands Peter Szulc Publishing Co 
BELL, J G , SMITH, M C , and PONT, J J (1982) Cuspal Failures of MOD Restored Teeth, 
Aust Dent J 27 283-287 
B0K5MAN, L and JORDAN, RE (1985) Posterior Composite Restorative Technique, 
Restorative Dent 1 120-126 
BOVIS, S C , HARRINGTON, E, and WILSON, H J (1971) Setting Characteristics of 
Composite Fi l l ing Materials. Br Dent J 131 352-356 
BOWEN, RL (1965a) Adhesive Bonding of Various Materials to Hard Tooth Tissues I 
Method of Determining Bond Strength, J Dent Res 44 690-695 
BOWEN, RL (1965b) Adhesive Bonding of Various Materials to Hard Tooth Tissues II 
Bonding to Dentin Promoted by a Surface-Active Comonomer, J Dent Res 44 895-902 
BOWEN, RL (1965c) Adhesive Bonding of Various Materials to Hard Tooth Tissues III 
Bonding to Dentin Improved by Pretreatment and the use of Surface-Active 
Comonomer. J Dent Res 44 903-905 
BOWEN, RL (1965d) Adhesive Bonding of Various Materials to Hard Tooth Tissues IV 
Bonding to Dentin, Enamel, and Fluorapatite Improved by the use of a Surface-Active 
Comonomer. J Dent Res 44 906-911 
BOWEN, RL ( I965e) Adhesive Bonding of Various Materials to Hard Tooth Tissues V 
The Effect of a Surface-Active Comonomer on Adhesion to Diverse Substrates, J Dent 
Res 44 1369-1373 
BOWEN, RL (1967) Adhesive Bonding of Various Materials to Hard Tooth Tissues VI 
Forces Developing in Direct Fi l l ing Materials During Hardening, J Am Dent Assoc 74 
439-445 
BOWEN, RL (1980) Adhesive Bonding of Various Materials to Hard Tooth Tissues XXII 
The Effect of a Cleanser, Mordant, and PolySAC on Adhesion between a Composite and 
Dentin. J Dent Res 59 809-814 
BOWEN, R L , NEMOTO, K, and RAPSON, JE (1983) Adhesive Bonding of Various 
Materials to Hard Tooth Tissues Forces Developing in Composite Materials during 
Hardening. J Am Dent Assoc 106 475-477 
BOWEN, R L and COBB, Ε N ( 1983) A Method for Bonding to Dentin and Enamel, J Am Dent 
REFERENCES 130 
Assoc 107 734-736 
BOWEN, RL (1985) Bonding of Restorative Materials to Dentine the Present Status in 
the United States. Int Dent J 35 155-159 
BOYDE, A and KNIGHT, Ρ J (1969) The use of Scanning Electron Microscopy In Clinical 
Dental Research, Br Dent J 127 313-322 
BOYDE, A and ECHLIN, R (1973) Freeze & Freeze Drying A Preparative Technique for 
SEM, IITRI-5EM Symposium, Chicago, pp 759-766 
BOYDE, A and MACONNACHIE, E (1979) volume Changes During Preparation of Mouse 
Embryonic Tissue for Scanning Electron Microscopy. Scanning 2 149-163 
BOYER, D B , CHAN, К С , and REINHARDT, JW (1984) Build-up and Repair of Light-cured 
Composites Bond Strength. J Dent Res 63 1241-1244 
BRANN5TR0M, M and JOHNSON, G (1974) Effects of Various Conditioners and Cleaning 
Agents on Prepared Dentin Surfaces A Scanning Electron Microscopic Investigation, 
JProsthetDent31 422-430 
BRANNSTROM, M and NORDENVALL, К-J (1977) The Effect of Acid Etching on Enamel, 
Dentin, and the Inner Surface of the Resin Restoration A Scanning Electron 
Microscopic Investigation. J Dent Res 56 917-923 
BRANNSTROM, M and NORDENVALL, К-J (1978) Bacterial Penetration, Pulpal Reaction 
and the Inner Surface of Concise Enamel Bond Composite Fil l ings in Etched and 
Unetched Cavities. J Dent Res 57 3-10 
BRANNSTROM, M, MALMGREN.O, and NORDENVALL, К - J (1982) Etching of Young and 
Permanent Teeth w i t h an Acid Gel. Am JOrthod82 379-383 
BRANNSTROM, M , NORDENVALL, К - J , TORSTENSON, В , HED5TR0M, Κ G, and WAHLSTAM, Η 
(1983) Protective Effect of Polystyrene Liners for Composite Resin Restorations, 
J Prosthet Dent 49 331-336 
BRANNSTROM, M (1984) Communication Between the Oral Cavity and the Dental Pulp 
Associated w i t h Restorative Treatment. Qper Dent 9 57-68 
BROEK, D (1982) Elementary Engineering Fracture Mechanics, The Hague Martinus 
Nijhoff Publishers 
BUONOCORE, MG (1955) A Simple Method of Increasing the Adhesion of Acrylic Fil l ing 
Materials to Enamel Surfaces. J Dent Res 34 849-653 
BUONOCORE, M G , wiLEMAN, w , and BRUDEVOLD, F (1956) A Report on a Resin 
Composition Capable of Bonding to Human Dentin Surfaces. J Dent Res 35 846-851 
CAUSTON, BE and JOHNSON, NW (1979) Changes in the Dentine of Human Teeth 
Following Extraction and their Implication for in vitro Studies of Adhesion Tooth 
Substance, Arch Oral Biol 24 229-232 
CAUSTON, BE (1984) Improved Bonding of Composite to Dentine. Br Dent J 156 93-95 
CAVEL, WT, KELSEY, WP, and BLANKENAU, RJ (1985) An in Vivo Study of cuspal 
fracture. J Prosthet Dent 53 38-42 
COMTE, AL (1983) Effets de l'Action d'Instruments Rotatifs Diamantes sur l'Émail et la 
Dentine Étude en Microscopie Électronique à Balayage, J Biol Buccale 11 63-73 
REFERENCES 131 
CRAIG, R.G. and FARAH, J.W. (1977) Stress Analysis and Design of Single Restorations 
and Fixed Bridges, Oral Sci Rev 10 45-74. 
CRIM, G A; SWARTZ, M L; and PHILLIPS, R W ( 1984) An Evaluation of Cavosurf ace Design 
and Ml ero leakage. General Dentistry 52 56-58 
CRUICKSHANKS-BOYD, D.W and LOCK, WR. (1983). Fracture Toughness of Dental 
Amalgams, Biomaterials 4: 234-242. 
DAVIDSON, CL and BEKKE-HOEK5TRA, I 5 (1980)· The Resistance of Superficially Sealed 
Enamel to Wear and Carious Attack in v i t ro, J Oral Rehabll 7 299-305 
DAVIDSON , CL and GEE, A J DE (1984) Relaxation of Polymerization Contraction 
Stresses by Flow in Dental Composites, J Dent Res 63 146-148 
DAVIDSON, C L , GEE, A J DE, FEILZER, A (1984) The Competition between the 
Composlte-Denttn Bond Strength and the Polymerization Contraction Stress, J Dent 
Res 63. 1396-1399 
DAVIS, M J , ROTH, J., and LEVI, M (1983)· Marginal Integrity of Adhesive Fracture 
Restorations: Champher versus Bevel, Quintessence Int 11:1135-1139 report 2253 
DELORENZI, H G (1985): Energy Release Rate Calculations by the Finite Element Method, 
EnqFractMech21· 129-143. 
DEVRIES, K L and ANDERSON, G P. (1979) Analysis and Design of Adhesive Bonded Joints 
In- Bonded )oints and preparation for Bonding AGARD LS 102. RJ Schliekelmann, Ed, 
ΡΡ3/Ι-25. 
DIPPEL, H.W. (1980): De smeerlaag. Thesis, University of Nijmegen 
DRUCKER, D. AND PRAGER, W (1952) Soil Mechanics and Plastic Analysis or Limit 
Design. Q ADDI Math 10: 157-165 
DUM5HA, Τ с and BIRON, G. (1984a) Marginal Leakage of Class V Cavity Preparations, 
J Biomed Mater Res 18. 809-815. 
DUMSHA, T.C. and BIRON, G. (1984b) Inhibition of Marginal Leakage with a Dentin Bonding 
Agent. J Dent Res 63: 1255-1257 
EAKLE, W.5. and BRALY, B.V. (1985)· Fracture Resistance of Human Teeth with 
Mesio-occlusal-distal Cavities Prepared with Sharp and Round Internal Line Forms, 
J Prosthet Dent 53: 646-649. 
EAKLE, WS. (1986): Fracture Resistance of Teeth Restored with Class II Bonded 
Composite Resin. J Dent Res 65. 149-153 
ELDERTON, R.J. (1984). New Approaches to Cavity Design. With Special Reference to the 
Class II Lesion, Br Dent J 157: 421-427. 
ELIASSON, S.T. and HILL, G.L (1977): Cavosurf ace Design and Marginal Leakage of 
Composite Resin Restorations, Qper Dent 2. 55-58. 
ELST, HC. VAN (1985): personal communication. 
EWALDS, HL and WANHILL, R.J Η (1984) Fracture Mechanics, Delft. Delftse Uitgevers 
Maatschappij BV. 
FARAH, JW. and CRAIG, RG (1974): Finite Element Stress Analysis of a Restored 
Axisymmetric First Molar. J Dent Res 53: 859-866. 
REFERENCES 132 
FARAH, J W, POWERS, J M, DENN I SON, J В, CRAIG, R G, and SPENCER, J ( 1976) Effects of 
Cement Bases on the Stresses and Deflections m Composite Restorations, J Dent Res 
55 115-120 
FINGER, W (1974) Der Elastizitätsmodul von Composite-Füllungsmaterlallen, Schweiz 
lv lschrZahnheilk84 648-661 
FRAUNHOFER, J A VON and HAMMER, DW (1984) Microleakage of Composite Resin 
Restorations. J Prosthet Dent 51 209-213 
FU5AYAMA, τ , NAKAMURA, M, KUR05AKI, N, and IWAKU, M (1979) Non-Pressure 
Adhesion of a new Adhesive Restorative Resin, J Dent Res 58 1364-1370 
GEE.AJ DE, DAVIDSON, CL,and SMITH, A (1981) A Modified Dilatometer for Continuous 
Recording of Volumetric Polymerization Shrinkage of Composite Restorative 
Materials. J Dent 9 36-42 
GEE, A J DE, PRICE, M, and DAVIDSON, CL (1983) A Study into the Force of 
Polymerization Shrinkage of Composite Materials and i ts Influence on the 
Composite-Enamel Bond Strength. J Dent Res 62 451 
GELB, M M, BAROUCH, E, and SIMONSEN, R J ( 1986) Resistance to Cusp Fracture in Class 
11 Prepared and Restored Premolars, J Prosthet Dent 55 184-185 
GIOVANOLA, J H and FINNIE, I 1984) The Crack Opening Displacement (COD) as a Fracture 
Parameter and a Comparative Assessment of the COD and J-integral Concepts, 5M 
Archiv q 227-257 
GOING, RE (1972) Microleakage Around Dental Restorations a Summarizing Review, J 
Am Dent Assoc 84 1349-1357 
GOLDMAN, M (1985) Fracture Properties of Composite and Glass lonomer Dental 
Restorative Materials. J Biomed Mater Res 19 771-783 
GOTTLIEB, EW, RETIEF, D H , and JAMISON, HC (1982) An optimal Concentration of 
Phosphoric Acid as an Etching Agent Part I Tensile Bond Strength Studies, J 
Prosthet Dent 48 48-51 
GORDON.M, PLA55CHAERT, A J M , 50ELBERG,KB, andB0GDAN,M5 (1985) Microleakage 
of four Composite Resins over a Glass lonomer Cement Base in Class V Restorations, 
Quintessence Int 16 817-820 
GRIFFITH, A A (1920) The Phenomena of Rupture and Flow in Solids, Phil Trans Roy Soc 
ûLLûDdfiQ, A 221 163-198 
GRIFFITH, A A (1924) The Theory of Rupture In Proc 1st Int Congress ADD! Mech. 
Biezeno and Burgers, Eds, Delft Waltman, pp 55-63 
GROOT, R DE, ERONAT, C, ENSINK OP KEMNA, G J , and PETERS, MCRB (1985) Drying 
Tooth Tissues and Dental Materials for SEM Observation, 
J Dent Res 64 713 abstract * 8 5 
GROOT, R DE, PETERS, MCRB, HAAN, YM DE, DOP, G J , and PLASSCHAERT, A J M 
(1986a) Stress Criteria for Failure of Dental Composite, 
J Dent Res submitted for publication Chapter 6 
GROOT, R DE, ELST, HC VAN, and PETERS, MCRB (1986b) Fracture Mechanics 
REFERENCES 133 
Parameters for Failure Prediction of Composite, 
J Dent Res, submitted for publication Chapter 7 
GROOT, R DE, EL5T, HC VAN, and PETERS, MCRB (1986c) Fracture Mechanics 
Parameters of the Composite-Enamel Bond, 
J Dent Res submitted for publication Chapter 8 
GROSS, J D , RETIEF, D H , and BRADLEY, EL (1984) An Optimal Concentration of 
Phosphoric Acid as an Etching Agent Part II Microleakage Studies, J Prosthet Dent 
52 786-789 
HANNAH, CMcD (1970) The Tensile Properties of Human Enamel and Dentin, J Dent Res 
49,1 ADR abstract No 113 
HANSEN, E К (1982a) Visible Light-Cured Composite Resins Polymerization 
Contraction, Contraction Pattern and Hygroscopic Expansion, Scand J Dent Res 90 
329-335 
HANSEN, Ε К (1982b) Contraction Pattern of Composite Resins in Dentin Cavities, Scand 
J Dent Res 90 480-483 
HANSEN, Ε К (1983) Effect of Pressure upon Wall-to-Wall Polymerization Contraction 
of a Chemically-Cured Resin. Scand J Dent Res 91 72-75 
HANSEN, E К (1984a) Effect of Scotchbond Dependent on Cavity Cleaning Cavity 
Diameter and Cavosurface Angle, Scand J Dent Res 92 141 -147 
HANSEN, Ε К (1984b) Marginal Porosity of Light Activated Composites in Relation to use 
of Intermediate Low-Viscous Resins. Scand J Dent Res 92 148-155 
HANSEN, EK, HANSEN, B K , NIELSEN, F, OLSEN, S, and LIND, К (1984) Clinical Short 
Term Study of Marginal Integrity of Resin Restorations, Scand J Dent Res 92 
374-379 
HANSEN, Ε К and ASMUSSEN, E (1985) Comparative Study of Dentin Adhesives, Scand J 
Dent Res 93 280-287 
HASSAN, R, CAPUTO, A.A., and BUNSHAH, RF (1981) Fracture Toughness of Human 
Enamel. J Dent Res 60 820-827 
HEGDAHL, Τ and GJERDET, NR (1977) Contraction Stresses of Composite Resin Fi l l ing 
Materials. Acta Odontol Scand 35 191-195 
HELLEN, Τ К (1975) On the Method of Virtual Crack Extensions, 
Int J Numer Methods Εηφ 9 187-207 
HEMBREE, J Η (1983) Marginal Leakage of Microfi l led Composite Resin Restorations, J 
Prosthet Dent 50 632-635 
HEMBREE, J Η (1984) Microleakage of Microfi l led Composite Resin Restorations w i t h 
Different Cavosurface Designs. J Prosthet Dent 52 653-656 
HEMBREE, J H and TAYLOR, Τ J (1984) Marginal Leakage of Visible Light-Cured 
Composite Resin Restorations, J Prosthet Dent 52 790-793 
HEMBREE, J H and TAYLOR, T J (1985) In Vitro Marginal Leakage of Composite Resin 
Restorations using a Combination of Conventional and Microfi l led resins, 
Quintessence Int 16 813-815 
REFERENCES 134 
HENCKY, H (1924) Zur Theorie plastischer Deformationen und der hierdurch im Material 
hervorgerufenen Nebenspannungen In Proc 1st Int Congress Aoll Mech Biezeno and 
Burgers, Eds, Delft Waltman, pp 312-317 
HICK5, И J and 5ILVER5T0NE, LH (1983) The Effect of Acid-Etching on Carles-Like 
Lesions Treated with Stannous Fluoride, J Dent Res 62 783-788 
HORMATI, A A, DENEHY, GE, and FULLER, JL (1982) Retentlveness of Enamel-Resin 
Bonds using Unfilled and Filled Resins, J Prosthet Dent 47 502-504 
H050DA, H and FU5AYAMA, Τ (1984) A Tooth Substance Saving Restorative Technique, 
Int Dent J 34 1-12 
INGLI5, CE (1913) Stresses in a Plate due to the Presence of Cracks and Sharp Corners, 
Trans Inst Naval Architects 55 219-241 
IRWIN, GR (1948) Fracture Dynamics, Fracturing of Metals, Trans Amer Soc Metals 40 
147-166 
JACOBSON, PH and FRAUNHOFER, JA VON (1974) Setting Characteristics of Anterior 
Restorative Materials. J Dent Res 53 461-467 
JACOBSON, PH and FRAUNHOFER, J A VON (1975) Assessment of mlcroleakage using a 
conductimetnc technique. J Dent Res 54 41-48 
JASSEM, HA, RETIEF, DH, and JAMISON, HC (1981) Tensile and Shear Strengths of 
Bonded and Rebonded Orthodontic Attachments, Am J Orthod 79 661-668 
JENDRE5EN, MD, and GLANTZ, Ρ-0 (1980) Clinical Adhesiveness of the Tooth Surface, 
Acta Odontol Scand 38 379-383 
JENDRESEN, MD, and GLANTZ, P-0 (1981) Clinical Adhesiveness of Selected Dental 
Materials. Acta Odontol Scand 39 39-45 
JENDRESEN, MD, and GLANTZ, P-0, BAIER, RE, and EICK, JD (1981) Mlcrotopography 
and Clinical Adhesiveness of an Acid Etched Tooth Surface, Acta Odontol Scand 39 
47-53 
JONG, HP DE (1984) Surface Free Energies of Enamel, in Vivo and in Vitro Thesis, 
University of Groningen 
JORGENSEN, KD (1975) Contralateral Symmetry of Acid Etched Enamel Surfaces, Scand 
J Dent Res 83 26-30 
JORGENSEN, KD and SHIMOKOBE, Η (1975) Adaptation of Resinous Restorative Materials 
to Add Etched Enamel Surfaces, Scand J Dent Res 83 31 -36 
JORGENSEN, KD and HISAMITSU, Η (1984) Class 2 Composite Restorations Prevention 
in vitro of Contraction Gaps, J Dent Res 63 141 -145 
JORGENSEN, KD, IТОН, К, MUNKSGAARD , EC, and ASMUSSEN, E (1985) Composite 
Wall-to-Wall Polymerization Contraction in Dentin Cavities Treated with Various 
Bonding Agents, Scand J Dent Res 93 276-279 
KIDD, EAM, HARRINGTON, E, and GRIEVE, AR (1978) The Cavity Sealing Ability of 
Composite Restorations Subjected to Thermal Stress. J Oral Rehabil 5 279-286 
KlNLOCH, A J (1980) Review The Science of Sdheslon Part l Surface and interfacial 
Aspects. J Mater Sci 15 2141-2166 
REFERENCES 135 
KINLOCH, A J and SHAW, SJ (1981) A Fracture Mechanics Approach to the Failure of 
Structural Joints, In Developments in Adhesives 2. A.J KINLOCH, Ed, London Applied 
Science Publishers pp 83-124 
KINLOCH, A.J (1982) Review The Science of Adhesion Part 2 Mechanics and Mechanisms 
of Failure. J Mater Sci 17 617-651 
KNAPPWOST, A , GURA, E, and GREABER, J (1984) Möglichkeiten der Randspaltdichtung 
bei der plastischen Füllung, ZWR 93 307-309 
LACY, AM (1985) Conservative Restoration of Fractured Cusps w i th Posterior 
Composite Resins. Quintessence Int 2 807-811 
LAMBRECHTS, Ρ and VANHERLE, G (1983) Structural Evidences of the Microf i l led 
Composites. J Biomed Mater Res 17 249-260 
LASSILA, v , HOLMLUND, l , andKOlVUMAA, к к (1985) Btte Force and i ts correlations in 
Different Denture Types, Acta Odontol Scand 43 127-132 
LAURELL, L and LUNDGREN, D (1984) A Standardized Programme for Studying the 
Occlusal Force Pattern during Chewing and Biting in Prosthetically Restored 
Dentitions, J Oral Rehab) I 11 39-44 
LEE, HL and SWARTZ, ML (1970) Scanning Electron Microscope Study of Composite 
Restorative Materials. J Dent Res 49 149-158 
LEHMAN, R and DAVIDSON, CL (1981) Loss of Surface Enamel after Acid Etching 
Procedures and i ts Relation to Fluoride Content, Am J Orthod Θ0 73-82 
LLOYD, CH and IANETTA, RV (1982) The Fracture Toughness of Dental Composites I 
The development of strength and fracture toughness, 
J0ralRehabil9 55-66 
LLOYD, С H (1982) The Fracture Toughness of Dental Composites li The environmental 
and temperature dependance of the stress intensification factor (K|ç), J Oral Rehab il 
9 133-138 
LLOYD, С H (1983) Resistance to Fracture in Posterior Composites, Br Dent J 155 
411-414 
LLOYD, С H and MITCHELL, L (1984) The Fracture Toughness of Tooth Coloured 
Restorative Materials, J Oral Rehabil 11 257-272 
LLOYD, С H (1984) The Fracture Toughness of Dental Composites III The effect of 
environment upon the stress Intensification factor (Κ|^) after extended storage, j 
Oral Rehabil 11 393-398 
LLOYD, С Η and ADAMSON, M (1985) The Fracture Toughness (K|C) of Amalgam, J Oral 
Rehabil 12 59-68 
LUNGREN, D and LAURELL, L (1984) Occlusal Forces in Prosthetically Restored 
Dentitions a Methodological Study, J Oral Rehabil 11 29-37 
LUTZ, F, LUESCHER, В, OCHSENBEIN, H and MUHLEMANN, HR (1976) Adhäsive 
Zahnheilkunde Zurich Juris Druck und Verlag 
LUTZ, F and PHILLIPS, RW (1983) A Classification and Evaluation of Composite Resin 
Systems. J Prosthet Dent 50 480-488 
REFERENCES 136 
LUTZ, F, PHILLIPS, RW, ROULET, J - F , and IMFELD, Th (I9B3) Komposites 
-Klassif ikation und Wertung. Schweiz hschr Zahnmed 93 914-929 
LUTZ, F, COCHRAN, MA, and MORMANN, W (1984) Adhäsive Restoration- Flop oder Hit, 
Schweiz Mschr Zahnmed 94 1124-1131 
MANSON-RAHEMTULLA, B, RETIEF, DH, and JAMISON, HC (1984) Effect of 
Concentrations of Phosphoric Acid on Enamel Dissolution, J Prosthet Dent 51 
495-498 
MARC (1984) маге a general purpose f in i te element program, version K l - 3 , Palo Alto 
(CA) Marc Analysis Research Corporation 
MARENTIS, С and BRADFORD, EW (1977) The Adaptation of Composite Resin 
Restorations to Etched Dentine, J Dent 5 200-206 
MCLEAN, J W, PR055ER, H J , and WILSON, AD (1985) The Use of GI ass-1 onomer Cements 
in Bonding Composite Resins to Dentine, Br Dent J 158 410-414 
MONDELLI, J , 5TEAGALL, L, ISHIKIRIAMA, A, NAVARRO, M F , and SOARES, FB (1980) 
Fracture Strength of Human Teeth w i t h Cavity Preparations, 
J Prosthet Dent 43 419-422 
MONROE, E A (1981) Biomatenals-Teeth. J Educ Modules Mater Science Eng 3 649-670 
MORIN, D, DELONG, R, and DOUGLAS, WH (1984) Cusp Reinforcement by the Acid-etch 
Technique. J Dent Res 63 1075-1078 
MUNECHIKA, T, SUZUKI, K, NI5HIYAMA, M, 0HA5HI, M, and HORIE, К (1984) A 
Comparison of the Tensile Bond Strength of Composite Resins to Longitudinal and 
Transverse Sections of Enamel Prisms in Human Teeth, J Dent Res 63 1079-1082 
MUNKSGAARD, EC and ASMUSSEN, E (1984) Bond Strenth between Dentin and 
Restorative Resins Mediated by Mixtures of НЕМА and Glutaraldehyde, J Dent Res 63 
1087-1089 
MUNKSGAARD, E С , HANSEN, Ε К, and ASMUSSEN, E ( 1984) Effect of Five Adhesives on 
the Adaptation of Resin in Dentin Cavities. Scand J Dent Res 92 544-548 
MUNKSGAARD, EC, ITOH, K, and J0RGEN5EN, KD (1985) Dentin-Polymer Bond in Resin 
Fill ings Tested m vitro by Thermo- and Load- Cycling. J Dent Res 64 144-146 
NAKABAYASHI, N (1985) Bonding of Restorative Materials to Dentine the Present 
Status in Japan. Int Dent J 35 145-154 
NIELSEN, LE (1965) Mechanical Properties of Polymers 3 r d ed, London Relnhold 
Publishing Co Chapman 8. Hall LTD 
NOLDEN, R and SCHWICKENRATH, H (1984) Der Einfluß von Haftvermitt lern auf die 
Randdichte von Komoositions-Kunststoff-Fullungen. ZWR 93 287-290 
NOLDEN, R (1985) Bonding of Restorative Materials to Dentine the Present Status in the 
Federal Republ ic of Germany, Int Dent J 35 166-172 
NORDENVALL, К - J , BRANNSTROM, M, and MALMGREN, 0(1980) Etching of Deciduous 
Teeth and Young and Old Permanent Teeth, Am J Orthod 78 99-108 
OBRIEN, WJ and RASMUSSEN, ST (1984) A Crit ical Appraisal of Dental Adhesion 
Testing In Adhesive joints. КL Mit ta l , Ed, New York Plenum Publishing Corporation 
REFERENCES 137 
OROWAN, E (1948) Fracture and Strength of Solids, Reports Prog Phys 12 185-232 
OROWAN, E (1955) Energy Criteria of Fracture. Welding J 34 157s-160s 
PARKS, DM (1974) A Stiffness Derivative Finite Element Technique for Determination 
of Crack Tip Stress Intensity Factors, int J Fracture ю 487-502 
PASCOE, К J (1981) Physical Basis of Fracture, J Educ Modules Mater Science Eng 3 
729-748 
PAUL, В (1968) Macroscopic Criteria for Plastic Flow and B r i t t l e Fracture In Fracture. 
an Advanced Treatise. Volume II Mathematical Fundamentals H Liebowitz, Ed, 
London Academic Press 
PETERS, MCRB (1981) Biomechamka van Kaviteitspreparatie en -Restoratie van 
Gebitselementen Modelvorming en Analyse met Behulp van de Eindige Elementen 
Methode,. Thesis, Nijmegen University of Nijmegen 
PETERS, M C R B , POORT, HW, PLASSCHAERT, A J M and JANSSEN, J D ( 1 9 8 0 
Biomechamcal Aspects of Restored Teeth, Caries Res 15 212 
PETERS, MCRB and POORT, HW (19Θ3) Biomechamcal Stress Analysis of the 
Amalgam-Tooth Interface. J Dent Res 62 358-362 
PORTE, Л , LUTZ, F, LUND, MR, SWARTZ, M L , and COCHRAN, M A (1984) Cavity Designs 
for Composite Resins, Ooer Dent 9 50-56 
PRÉVOST, A P , FULLER, J L , and PETERSON, LC (1984) Composite and Intermediate 
Resin Tag Formation in Acid-Etched Enamel A Scanning Electron Microscopy 
Evaluation. J Prosthet Dent 52 204-207 
PROFFIT, WR, FIELDS, HW, and NIXON, WL (1983) Occlusal Forces in Normal-and 
Long-face Adults. J Dent Res 62 566-571 
OVIST, V, and OVIST, J (1977) Marginal Leakage along Concise in Relation to Fi l l ing 
Procedure. Scand J Dent Res 85 305-312 
OVIST, V (1980) Correlation between Marginal Adaptation of Composite Resin 
Restorations and Bacterial Growth in Cavities. Scand J Dent Res 88 296-300 
OVIST, v (1983) The Effect of Mastication on Marginal Adaptation of Composite 
Restorations m vivo, J Dent Res 62 904-906 
OVIST, V (1985) Marginal Adaptation of Composite Restorations Performed in Vivo 
w i th Different Acid-Etch Restorative Procedures. Scand J Dent Res 93 68-75 
OVIST, V , STROM, C, and THYLSTRUP, A (1985) Two-year Assessment of Anterior Resin 
Restorations Inserted w i th Two Acid-Etch Restorative Procedures, Scand J Dent Res 
93 343-350 
OVIST, V and OVIST, J (1985a) Replica Patterns on Composite Restorations Performed 
In Vivo w i t h Different Acid-Etch Restorative Procedures, Scand J Dent Res 93 
360-370 
OVIST, V and OVIST, J (1985b) Effect of Ethanol and NPG-GMA on Replica Patterns on 
Composite Restorations Performed in Vivo in Acid-Etched Cavities, Scand J Dent Res 
93 371-376 
RAADAL, M (1979) Microleakage around Preventive Composite Fil l ings in Loaded Teeth, 
REFERENCES 138 
Scan J Dent Res 87 390-394 
RASMUSSEN, S Τ, PATCHIN, R E, and SCOTT, D В ( 1973) Fracture Properties of Amalgam 
and a Composite Resin, J Dent Res 52 68,1 ADR abstract No 40 
RASMUSSEN, 5 Τ , PATCHIN, RE, SCOTT, DB, and HEUER, AH (1976) Fracture Properties 
of Human Enamel and Dentin, J Dent Res 55 154-164 
RASMUSSEN, S T ( 1 9 7 8 ) Fracture Studies of Adhesion, J Dent Res 57 11 -20 
RASMUSSEN, 5 Τ (1984) Fracture Properties of Human Teeth in Proximity to the 
Dentlnoenamel Junction, J Dent Res 63 1279-1283 
RE, G J and NORLING, В К (1981) Fracturing Molars w i t h Axial Forces, J Dent Res 60 
805-808 
REINHARDT, К - J and VAHL, J (1983a) Die Bedeutung des Elastizitätsmoduls fur die 
Randständigkeit von Kompositen ( l Mitteilung), ptsch Zahnarzt! Ζ 39 946-948 
REINHARDT, K-J and VAHL, J (1983b) Beeinflußt Feuchtigkeit die 
Polymensationsreaktion von Kompositen? (1 Mitteilung), Ptsch Zahnarzt 1 Ζ 38 
1070-1072 
REINHARDT, K - J , TEI CHERT, Η, and VAHL, J (1984) Die Bedeutung des 
Elastizitätsmoduls fur die Randständigkeit von Kompositen (2 Mitteilung), Ptsch 
Zahnarzt! Ζ 39 25-29 
RETIEF, DH (1973) Effect of Conditioning the Enamel Surface w i t h Phosphoric Acid, J 
Dent Res 52 333-34! 
RETIEF, DH (1974) Failure at the Dental Adhesive-Etched Enamel Interface, J Oral 
Rehabil 1 265-284 
RETIEF, D Η (1978) The Mechanical Bond, InLOenUJ 28 18-27 
RETIEF, D H , WOODS, E, JAMISON, HC, and DENYS, FR (1982a) Surface Topography of 
the Enamel Margins of Butt and Beveled Class V Preparations, J Prosthet Dent 48 
166-170 
RETIEF, DH, WOODS, E, and JAMISON, HC (1982b) Effect of Cavosurface Treatment on 
Marginal Leakage in Class V Composite Resin Restorations, J Prosthet Dent 47 
496-501 
RETIEF, D H , MIDDLETON, J C , and JAMISON, HC (1985) Optimal Concentrations of 
Phosphoric Acid as an Etching Agent Part III Enamel Wettabil ity Studies, J Prosthet 
DfiDl53 42-46 
RICE, JR (1968) A Path Independent Integral and the Approximate Analysis of Strain 
Concentration by Notches and Cracks, J ADD! Mech 35 379-386 
RICE, J R , PARIS, PC, and MERKLE, J G (1973) Some further Results of J Integral 
Analysis and Estimates, A5TM 5TP 536 pp 231 -245 
ROBERTS, J C , POWERS, J M , and CRAIG, RG (1977) Fracture Toughness of Composite 
and Unfilled Restorative Resins, J Dent Res 56 748-753 
ROULET, J -F, HIRT, Τ, and LUTZ, F (1984) Surface Roughness and Marginal Behaviour of 
Experimental and Commercial Composites an in Vitro study, J Oral Rehabil 11 
499-509 
REFERENCES 139 
RODLET, J -F and MICHELLOD, P-Y (1984) La Desiccation dObturations en Composite 
pour l'Etude au Microscope Electronique à Balayage - une Etude Méthodologique, 
Schweiz Monatschr Zahnmed 94 1049-1060 
RUBÍN, с , KRI5HNAMURTHY, Ν , CAPiLOUTO, E , and γ ι , н (1984), stress Analysis Of the 
Human Tooth using a Three-dimensional Finite Element Model, J Dent Res 62 82-86 
RUKMO, M and WILSON, NHF (1985) A Comparison of Methods for Contouring the 
Occlusal Surfaces of Posterior Composite Restorations, J Dent 13 109-122 
5CHERMAN, L, GUILLOT, J , and GOLDBERG, M (1984) Étude au MEB de 1 Interface entre 
des Résines Composites et l'Émail Dentaire Humain Role du Mordançage et des 
Résines Intermédiaires de Basse Viscosité. Inf dent 66 3151-3157 
SCHMIDT, HFM andGOKEL.F (1982) Die Wirkung extrem kurzzeitiger Schmelzanatzung 
und der Einfluss von Kavitätenlack auf Wandstandigkeit und kunstliche sekundäre 
Randkaries bei Kunststof f ulungen, Dtsch Zahnarzt! Ζ 37 1015-1020 
SILVERSTONE, LM (1983) Fissure Sealants The Enamel-Resin Interface, J Pubi Health 
Dent 43 205-215 
SMITH, DC (1985) Posterior Composite Dental Restorative Materials Materials 
Development In Postenor Composite Resin Dental Restorative Materials. G 
VANHERLE and D С SMITH, Eds, The Netherlands Peter Szulc Publishing Co 
SMITH, DL and SCHOONOVER, 1С (1953) Direct Fi l l ing Resins Dimensional Changes 
Resulting from Polymerization Shrinkage and Water Sorption, J Am Dent Assoc 46 
540-541 
SÖDERHOLM, К -J M (1985) Fi l ler Systems and Resin Interface In Posterior Composite 
Resin Dental Restorative Materials. G VANHERLE, and DC SMITH, Eds, The 
Netherlands Peter szulc Publishing Co ρ 139-159 
SRAWLEY, JE (1976a) On the Relation of J| to Work done per Unit Uncracked Area Total 
or Component due to Crack, Int J Fracture 12 470-474 
SRAWLEY, JE (1976b) Wide Range Stress Intensity Factor Expressions for ASTM E-399 
Standard Fracture Toughness Specimens, Int J Fracture 12 475-476 
STANFORD, J W (1985) Bonding of Restorative Materials to Dentine, Int Dent J 35 
133-138 
STANFORD, J W , SABRI, Z, and JOSE, 5 (1985) A Comparison of the Effectiveness of 
Dentine Bonding Agents. Int Dent J 35 139-144 
TATTERSALL, HG and TAPPIN, G (1966) The Work of Fracture and i ts Measurement in 
Metals, Ceramics and other Materials, J Mater Sci I 296-301 
TIMOSHENKO, 5 and YOUNG, DH (1968) Elements of Strength of Materials, 5 t h ed. New 
York Van Nostrand Relnhold Company, ρ 115 
TORSTENSON, B, NORDENVALL, К - J , and BRANNSTROM, M (1982) Pulpal Reaction and 
Microorganisms under Clearf i l Composite Resin in Deep Cavities w i t h Acid Etched 
Dentin. Swed Dent J 6 167-176 
VIOHL, J (1984) Komposlte im Seltenzahnberelch aus werkstoffkundllcher Sicht, Dtsch 
Zahnarzt! Ζ 39 342-348 
REFERENCES 140 
VREE, JHP DE, PETERS, MCRB, and PLASSCHAERT, A J M (1984) The Influence of 
Modification of Cavity Design on Distribution of Stresses in a Restored Molar, J Dent 
Res 63 1217-1220 
WATERS, NE (1980) Some Mechanical and Physical Properties of Teeth In The 
Mechanical Properties of Biological Materials. J F V VINCENT and JD CURRY, Eds, 
Cambridge Cambridge University Press, pp 99-135 
WATERS, NE (1985) personal communication 
WHITING, R and JACOBSON, PH (1980) A Non-destructive Method of Evaluating the 
Elastic Properties of Anterior Restorative Materials, J Dent Res 59 1978-1984 
WILLIAMS, JG (1973) Stress Analysis of Polymers, London Longman Group Limited 
XU HENG-CHANG, WANG TONG, and WANG HUMGYING (1983) A Study of the State and 
Depth of Resin Penetration into Acid-Etched Enamel, Aus Dent J 28 359-365 
YETTRAM, A L , WRIGHT, K W J , and PICKARD, HM (1976) Finite Element Stress Analysis 
of the Crowns of Normal and Restored Teeth, J Dent Res 55 1004-1011 
SYMBOLS 141 
SYMBOLS 
symbol unit description 
a (m) notch depth 
a c (m) c r i t i c a l crack length, inherent f law size 
a 0 (m) equilibrium interatomic spacing 
A,, ( m - 2 ) stress σ , , normalized by dividing by reaction force (Ppg) 
A|* i^ (m"2) stress ö f ^ i normalized by dividing by reaction force (Ppf) 
AQP (m"2) stress Ogp normalized by dividing by reaction force (Ppf) 
В (m) thickness of the specimen 
с (Nm" 2 ) cohesive strength Coulomb s cr i ter ion (Chapter 2) 
с (m) distance from surface to notch t ip 
COD crack opening displacement 
CP critical point 
С ι ^ 2 , Cn parameters used in stress criterion 
d (m) diameter 
ds (m) line segment on J integral contour 
DP Drucker-Prager 
E ( N m - 2 ) Young s modulus, modulus of elast ic i ty 
EpE ( N m - 2 ) Young's modulus used in FEA 
E | (Nm" 2 ) Young's modulus 
E2 ( N m - 2 ) Young s modulus 
f(g) function depending on geometry of model 
f, .(Θ) function depending on angle (Θ) ( i , j » x,y,z) 
FEA f i n i t e element analysis 
G| ( J m - 2 ) strain energy release rate 
G|C ( J m - 2 ) cr i t ica l value of G| 
h (m) height 
Jpg ( J m - 2 ) J integral calculated by FEA 
J) ( J m - 2 ) J| at lef t end of composite-dentin crack 
J r (Jm"2) J| at right end of composlte-dentln crack 
J| Urn"2) J integral 
J|C (Jm - 2 ) critical value of J| 
Jy (Jm"2) J integral determined from u c measurements and FEA calculations 
Jyc (Jm"2) critical value of Jy 
J j (Jm"2) J integral determined from Pc measurements and FEA calculations 
J i c ( J m " 2 ) critical value of J5 
J| (Nm"2) f i rst Invariant of stress tensor 
J2 (N2m"4) second invariant of stress tensor 
J3 (N3m"6) third invariant of stress tensor 
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Jf 
J 2 
J2C 
J3 
к 
К 
К 
Kt 
K| 
K|C 
ми 
N 
Ρ 
Peale 
Prest 
Ρ 
Pe 
PFE 
q 
г 
г 
R 
RB 
RC 
5 
SEM 
SENS 
г 
Τ 
Τ 
u 
u 
uc 
UFE 
u l 
u 2 
VM 
w 
w 
X 
У 
(Nm-2) 
( N 2 m - 4 ) 
( Ν 2 Γ Τ Γ 4 ) 
( N ^ m - 6 ) 
( N m - 2 ) 
Шт-З'
2) 
(Nm-3/ 2 ) 
(NnrT3/2) 
(mV2) 
(Nm"2) 
(Nm" 2 ) 
(N) 
(N) 
(N) 
(mV) 
^πn2N'^) 
(m) 
(m) 
(S) 
(0C) 
(Nm"2) 
(m) 
(m) 
(m) 
(m) 
(m) 
(m) 
(m) 
(Nm"2) 
f i r s t invariant of deviatone stress tensor 
second invariant of deviatone stress tensor 
cr i t ica l value of J2' 
third invariant of deviatone stress tensor 
ratio of compressive and tensile strength 
bulk modulus (Chapter 5) 
stress intensity factor 
stress concentration factor 
stress intensity factor mode 1 
cr i t ica l value of K| 
modified Von Mises 
number of specimens 
parameter in stress criterion 
hydrostatic pressure calculated (free contraction) 
hydrostatic pressure (restricted contraction) 
load 
fracture load 
reaction load from FEA 
parameter in stress criterion 
parameter in stress criterion 
polar coordinate (Chapter 2) 
radius of Von Mises cylinder 
rectangular bar 
specimen w i t h round saw cut 
span of the three-point bend support 
scanning electron microscope 
single edge notched bend 
time, history 
temperature 
traction vector 
deflection, displacement 
displacement vector 
cr i t ica l value of u 
deflection used in FEA calculations 
deflection 
deflection 
Von Mises 
width of specimen 
strain energy density (Chapter 2) 
coordinate 
coordinate 
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Ζ 
α 
γ 
>Ρ 
>s 
Γ 
δ 
ε 
e 
θ 
U 
ν 
Ρ 
Ρ 
σ 
SL 
öb 
*с 
О
саіс 
α0Ρ 
aÜPc 
<Ί] 
От 
öm 
eMMc 
«η 
«0 
ÖP 
örest 
tfsh 
» t 
ÖVM 
ÖVMC 
^xx 
^xy 
οχζ 
tfyy 
<ίγ 
ÖYC 
CYt 
«yz 
(0C-i) 
(m-') 
(Nm-1) 
(NrrT1) 
(m"3) 
(m) 
(Nm"2) 
(Nm"2) 
(Nm-2) 
(NrrT2) 
(Nrn"2) 
(Nm-2) 
(Nm-2) 
(Nm-2) 
(Nm-2 
(Nm-2) 
(Nm -2 
(Nm -2 
(Nm -2 ' 
(Nm-2 
(Nm-2 
(Nm -2 
(Nm -2 
(Nm -2 
(Nm -2 
(Nm-2 
(Nm-2 
(Nm-2 
(Nm-2 
(Nm-2 
(Nm-2 
(Nm -2 
(Nm -2 
coordinate 
coefficient of linear thermal expansion 
constant (fixed value of a/W) relating Jy with E and u2 
work done by plastic deformation per unit area during crack growth 
surface energy per unit area 
contour of J integral 
constant (fixed value of a/W) relating J j with E and P2 
strain 
coefficient of linear free polymerization contraction (Chapter 5) 
polar coordinate (Chapter 2) 
coefficient of friction Coulomb's criterion 
Poisson s ratio 
radius of curvature 
relaxation (Chapter 5) 
stress 
stress tensor 
bending or transverse strength 
compressive strength 
stress calculated (free contraction) 
equivalent stress DP criterion 
critical value of σ^ρ 
stress component (i,j - x.y.z) 
mean or hydrostatic stress 
equivalent stress m criterion 
critical value of О т 
stress normal to interface 
flow stress 
compressive stress Coulomb's criterion 
stress measured (restricted contraction) 
shear stress 
tensile strength 
equivalent stress VM criterion 
critical value of Oy^ 
stress component 
shear stress component 
shear stress component 
stress component 
yield stress 
yield stress in simple compression 
yield stress In simple tension 
shear stress component 
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özz 
«1 
ö2 
Ö3 
t 
2-D 
3-D 
1 
II 
III 
(Nm"2) 
(Mm"2) 
(Nm-2) 
(Nm-2) 
(Nm-2) 
stress component 
first principal stress 
second principal stress 
third principal stress 
shear stress 
two dimensional 
three dimensional 
mode 1, opening mode 
mode II, sliding shear mode 
mode III, rotational shear mode 
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SUMMARY 
The aim of the study presented in this thesis was to achieve the possibi l i ty to 
predict mechanical fai lure of composite restored teeth using a f i n i t e element analysis 
model As a sound tooth can be considered to be properly constructed for functioning in 
the oral environment, attention must be focussed on the influence of cavity preparation 
and restoration w i t h dental composite The restored tooth considered as a structure 
w i t h a complex geometry can mechanically be analysed by f i n i t e element analysis (FEA) 
Once geometry, constitutive behavior of the materials of the structure, boundary 
conditions, and loading conditions are known, FEA provides stress and strain 
distr ibution in the structure To predict failure i t is then necessary to have appropriate 
stress cr i ter ia for the materials in the structure The continuum approach, however, is 
bound to fa i l when the size of the defects and inhomogeneities in the materials is not 
negligible If for instance a gap or crack is present at the composite-tooth interface, 
application of fracture mechanics is necessary to predict crack growth and fai lure of 
the structure Stress cr i ter ia and fracture mechanics are therefore two complementary 
approaches FEA can also be used to calculate fracture mechanics parameters (as J 
integral) in a structure in which a distinct crack is modeled 
In this study the possibil ity to calculate the J integral by FEA was exploited The 
problem is outlined in Chapter l and an explanation of the terminology and concepts 
used in this thesis is given in the f i r s t part of Chapter 2 In the last part of Chapter 2 
modeling of the cracktip for J integral calculation by FEA is described J integral values 
calculated in models made according to guidelines from the l i terature are compared 
w i t h values obtained in models w i t h coarser grid, not having quarter point nodes, or not 
having elements collapsed to triangles To make comparison easy, J is expressed in a 
quantity δ, which was defined by multiplying J w i t h Young's modulus (E) and dividing by 
load squared (P 2 ) After this transformation δ depends in f i r s t approximation on the 
modeling and the geometry 
In Chapter 3 the influence of several parameters on δ has been explored The effect 
of variation of Poisson's rat io from 0 20 to 0 35 is found to result in a change of 9% in 
δ As Poisson's rat io values of enamel, dentin, and dental composites fa l l into this 
range. It Is concluded that using a value of v=0 3 in all FEA is permitted Thereby 
d i f f i c u l t measurements of Poisson's rat io could be avoided J integral values were 
calculated w i t h the v irtual crack extension technique in FEA for a crack at the interface 
between two materais w i t h different Young's modulus Good correspondence was found 
w i t h strain energy release rate values, obtained from standard equations for stress 
intensity factor calculation for SENB specimens and using an average st i ffness of the 
specimens This gives an indication that equations for these fracture mechanics 
parameters, although intended for one material, may possibly be used for interfacial 
fai lure between two materials, which is a necessary condition to be f u l f i l l e d 
Thereafter i t made sense to calculate the J integral in the restored tooth structure, in 
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which cracks are highly probable to occur at the interface between composite and tooth 
Maximum J integral values (mode I and mode II) calculated (section 3 4) for small cracks 
at different angles at the semi-circular end of a saw-cut with finite width in a SENS 
model were comparable to those obtained from SENB models with a flat crack, having 
the same length as the saw-cut and small crack together 
In Chapter 4 two pilot studies have been described The first was carried out to 
investigate the failure type of a fractured composite-enamel bond It was important to 
know whether failure is at the Interface or 1n one of the two materials, because 
different failure types may have different failure strengths Cohesive as well as 
adhesive failure could be observed on one single fracture surface In the second pilot 
study attention was drawn to the drying process, which inevitably takes place tn the 
scanning electron microscope when materials like dentin are examined Because 
shrinkage-cracks are introduced in materials with a relatively high water content, 
observation of characteristics on fracture surfaces of these materials is obscured 
Enamel surfaces did not not show any influence of the drying process 
As pointed out before, knowledge of the presence of macroscopic cracks is 
indispensable in order to decide whether to use a stress criterion or fracture mechanics 
or perhaps both to predict failure of a structure In a composite-restored-tooth 
structure cracks or gaps were expected to appear at the composite-tooth interface 
Although much research in the dental field is directed to achieve a strong bond between 
composite and enamel as well as between composite and dentin, as is reviewed in 
Chapter 2, the possible bond is counteracted by composite polymerization- and thermal 
shrinkage stresses In Chapter 5 a lower bound for the occurring polymerization and 
thermal shrinkage stresses has been estimated using an axisymmetnc composite-
restored tooth model Thermal shrinkage stresses per 0C are about ten times smaller 
than the lowest polymerization shrinkage stresses Polymerization shrinkage stresses 
at the composite-dentin interface were found to be such that this bond is expected to 
fail Composite-enamel bond failure, however, is not anticipated 
In Chapter 6 three stress criteria based on a continuum mechanics stress analysis 
have been evaluated for their applicability to brittle failure of dental composite The 
first is Von Mises criterion The second, a modification of Von Mises criterion, is 
probably more appropriate for brittle materials, because It had the possibility to 
account for the ratio of compressive and tensile strength The third is Drucker-Prager 
criterion Von Mises criterion, a yield criterion which assumes the same yield strength 
in tension as in compression, was insufficient to describe the brittle failure of dental 
composite For composite, being a mixture of polymers and fil ler particles, i t Is 
expected that a modified Von Mises criterion, which can describe failure of polymers, or 
on the other hand Drucker-Prager criterion, which describes the "failure" of the fil ler 
particles in a soil mechanics approach, wil l have a better performance 
Because the structure of interest, the composite restored tooth, has a crack-like 
gap, which might be the initiator of ultimate mechanical failure of the structure, 
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cr i t ical values of fracture mechanics parameters such as stress intensity factor (K|C), 
strain energy release rate (G|C) and value of the J integral Ц с ) were determined 
(Chapter 7) These parameters were measured for composite w i t h 5ENB specimens in a 
three point bend test A 2-0 FEA mesh of the 5ENB specimens was modeled using second 
order isoparametric, distorted, eight noded, plain strain elements The v irtual crack 
extension method was employed to calculate the J integral Although the specimens had 
a saw-cut w i t h f in i te width instead of a f lat crack, the K|C and 6|C values (Silux K|C= 
0 99+0 03 M N m " 3 / 2 , G|C= 173+16 J m " 2 , and P-30 K|C= 188+0 12 M N m " 3 / 2 , G|C= 
266+39 J m - 2 ) showed an acceptable correspondence (as far as comparable materials 
were used) w i t h values given m literature (Silar K|C" 0 94 M N m " 3 / 2 , G|C- 170+30 
J m " 2 , Smith (1985), K|C= 0 865+0057 ММгтГ3 7 2, Lloyd and Mitchell (19Θ4), K|C= I 02 
M N m " ^ 2 , Goldman (1985), and P-10 K|C= 165 M N m " 3 / 2 , Smith (1985), K|C= 
1 265i0 038 M N m _ 3 / 2 , Lloyd ( 1983), K,c= I 60 M N m " 3 / 2 , Goldman ( 1985) 
Three types of fai lure can be distinguished, as described in Chapter 8, namely failure 
In the enamel, fai lure in the composite, or failure at the interface Although i t was 
shown that different fai lure types have different cr i t ica l values for their fracture 
mechanics parameters, the lowest values must be used in structural analysis of a 
restored tooth, where permissible loads have to be estimated These lowest values may, 
however, be based on the expected failure type, when i t is possible to foresee this 
failure type 
Mode II loading was applied on SENB specimens in Chapter 9 Composite as well as 
composite bonded to enamel has been tested experimentally in combination w i t h FEA J 
integral values determined for composite in mode II appeared to be lower than mode I 
values On the contrary, mode II J integral values for the composite-enamel bond were 
found to be higher than mode I values 
In the experiments described in Chapter 10, the crowns of extracted upper premolars, 
either sound, prepared, restored w i t h an occlusal composite f i l l i n g , or a composite 
palatal cusp, were sliced mesio-distally The slices were mechanically tested by 
indenting a cylinder between the two cusps unti l fai lure occurred Failure occurred as 
compressive fracture by chipping of the enamel and the composite (where these 
materials contact the cylinder), as cleavage of the structure from the fissure between 
the two cusps downward, or as interfacial fai lure of the composite-enamel junction 
The stress distr ibution was calculated using FEA and evaluated using stress fai lure 
cr i ter ia (modified Von Mises and Drucker-Prager) It appeared that, excluding the 
contact fai lure type because this is not accounted for in the model, stresses calculated 
by FEA, which were high according to the stress cr i ter ia in combination w i t h expected 
crack growth based upon J integral calculations indicate regions where the cleavage and 
mterfacial fai lure types start 
In conclusion we have shown that 
Fracture mechanics, combined w i t h FEA, can be applied on models of tooth-composite 
structures to predict mechanical fai lure 
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Both a continuum mechanics stress failure cri terion (Drucker-Prager) and a fracture 
mechanics parameter (J integral) are necessary for adequate fai lure description of a 
composite-restored FEA tooth model 
Lower bounds for the cr i t ical values of stress Intensity factor and J Integral were 
established These values can be used to estimate safe loading conditions 
Relevant fracture mechanics parameters for composite and the composite-enamel 
bond can be measured wi th small (16x2x2 mm3) 5ENB specimens in a three-point bend 
test 
Using present composites and dentin adhesives, polymerization shrinkage stresses 
are s t i l l too large to prevent dentin bonding to be achieved A durable composite-dentm 
bond can only be obtained after a simultaneous and considerable improvement of dentin 
adhesives and reduction of polymerization shrinkage 
For the specific two dimensional model w i th internal crack, measurements and 
calculations were consistent 
Based upon fracture loads measured wi th 2-D slices of restored teeth compared wi th 
expected loads in the oral environment, i t seems just i f iable from a mechanical point of 
view to apply posterior composites 
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SAMENVATTING 
Het Bezwijkgedrag van Tand-Komposiet Konstrukties. 
Het doel van het in dit proefschrift beschreven onderzoek was het verkrijgen van de 
mogelijkheid om het mechanisch bezwijken van met komposiet gerestaureerde tanden te 
voorspellen, gebruikmakend van de eindige elementen analyse (EEA) Aangezien een gave 
tand geacht kan worden op de Juiste wijze opgebouwd te zijn om in het mondmilieu te 
kunnen funktioneren, werd de aandacht gericht op de gevolgen van de kaviteits-
preparatie en restauratie met tandheelkundig komposiet De gerestaureerde tand, 
beschouwd als een konstruktie met een ingewikkelde vorm kan mechanisch met EEA 
onderzocht worden Zodra de geometrie, het konstltutlef gedrag van de materialen in de 
konstruktie, de randvoorwaarden en de belastingssituatie bekend zijn, verschaft EEA de 
spanmngs- en rekverdeling in de konstruktie Om het bezwijken te voorspellen is het 
nodig geschikte spanningskritena voor de materialen in de konstruktie te hebben Echter 
de kontlnuum benadering schiet te kort indien de afmetingen van de defekten en 
inhomogemteiten in de materialen met verwaarloosbaar zijn Als er bijvoorbeeld een 
spleet of een scheur op het grensvlak tussen komposiet en tand aanwezig is dan is 
toepassing van breukmechamka noodzakelijk om scheurgroei en het bezwijken van de 
konstruktie te voorspellen Spanningskritena en breukmechamka zijn daarom twee 
komplementaire benaderingswijzen Het is mogelijk om EEA te gebruiken om 
breukmechamka parameters (bijvoorbeeld J integraal) in een konstruktie te berekenen 
waarin een afzonderlijke scheur is gemodelleerd 
In dit onderzoek werd de mogelijkheid benut om met EEA de J integraal te berekenen 
De probleemstelling wordt in hoofdstuk I geschetst en een uitleg van de in dit 
proefschrift gebruikte terminologie en begrippen is gegeven in het eerste deel van 
hoofdstuk 2 In het laatste deel van hoofdstuk 2 is de modelvorming van de scheurtip ten 
behoeve van J Integraal berekening met EEA beschreven J Integraal waarden berekend in 
modellen die volgens de richtlijnen uit de literatuur opgezet waren zijn vergeleken met 
waarden die verkregen waren via modellen met hetzij een grover elementenraster, 
hetzij de scheurtip knooppunten met op een afstand ter grootte van een kwart van de 
elementafmetingen van de scheurtip, hetzij zonder tot driehoeken samengevouwen 
elementen Om het vergelijken te vereenvoudigen is J uitgedrukt in een grootheid δ, die 
gedefinieerd werd door J met de Youngs modulus (E) te vermenigvuldigen en te delen 
door de belasting in het kwadraad (p2) Na deze transformatie hangt δ in eerste orde 
benadering alleen af van de modellering en de geometrie 
In hoofdstuk 3 is de invloed van verscheidene parameters op δ onderzocht De invloed 
van een verandering van Poissons ratio van O 20 tot O 35 bleek een verandering van 9Ä in 
δ op te leveren Aangezien waarden van de Poissons ratio voor glazuur, dentine en 
tandheelkundige komposieten binnen deze range vallen, wordt gekonkludeerd dat het 
geoorloofd is om In alle EEA berekeningen een waarde ν = 03 te gebruiken Daardoor 
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konden moeilijke metingen van Poissons ratio achterwege blijven J integraal waarden 
werden berekend met de virtuele scheuruitbreidmgsmethode voor een scheur in het 
grensvlak tussen twee materialen met verschillende Youngs modulus Een goede 
overeenkomst werd gevonden met waarden voor de bij scheurgroei vrijkomende 
elastische energie (stram energy release rate), die verkregen waren met behulp van 
standaard vergelijkingen voor de berekening van de spanmngsintensiteitsfactor voor 
5ENB proefstukjes en gebruik makend van een gemiddelde stijfheid van de proefstukjes 
Dit gaf een indtkatie dat vergelijkingen voor deze breukmechanlka parameters, hoewel 
bedoeld voor één materiaal, mogelijkerwijs gebruikt kunnen worden voor bezwijken op 
het grensvlak tussen twee materialen, hetgeen een noodzakelijk te vervullen voorwaarde 
is Dan pas heeft het zin om waarden voor de J integraal te berekenen in de konstruktie 
van de gerestaureerde tand, waarin zeer waarschijnlijk scheuren op het grensvlak 
tussen komposiet en tand voorkomen De grootste waarden van de J integraal (mode I en 
mode II paragraaf 3 4) berekend voor kleine scheurtjes onder verschillende hoeken aan 
het half cirkelvormige uiteinde van een zaagsnede met eindige dikte in een 5ENB model 
waren vergelijkbaar met de waarde die verkregen waren uit SENB modellen met een 
platte scheur, die dezelfde lengte had als de zaagsnede en het kleine scheurtje te zamen 
In hoofdstuk 4 zijn twee pilot studies beschreven De eerste werd uitgevoerd om de 
bezwijkvorm van een losgebroken komposiet-tand verbinding te onderzoeken Het was 
belangrijk om te weten of bezwijken op het grensvlak dan wel in één van de twee 
materialen optreedt, omdat verschillende bezwijkvormen mogelijk verschillende 
bezwijksterkten hebben De kohesieve zowel als de adhesieve bezwijkvorm is 
waargenomen op een enkel breukvlak In de tweede pilot study werd aandacht geschonken 
aan het droogproces, dat onvermijdelijk plaatsvindt In de scanning elektronen 
mikroskoop wanneer materialen zoals dentine bekeken worden Omdat knmpscheurtjes 
geïntroduceerd worden in materialen met een relatief hoog watergehalte, wordt het 
waarnemen van bijzonderheden op breukvlakken van deze materialen bemoeilijkt 
Glazuuroppervlakken vertoonden met de invloed van het droogproces 
Zoals al eerder duidelijk gemaakt werd, is het hebben van kennis over de 
aanwezigheid van macroscopische scheuren onontbeerlijk om te beslissen of een 
spanmngsknterium, breukmechamka, of misschien beide gebruikt kunnen worden 
teneinde het bezwijken van een konstruktie te voorspellen in een konstruktie van een 
met komposiet gerestaureerde tand werd verwacht dat scheuren en spleten op het 
grensvlak tusen komposiet en tand konden optreden Ondanks dat er op tandheelkundig 
gebied veel onderzoek gericht wordt op het verkrijgen van een sterke verbinding tussen 
komposiet en glazuur alsmede tussen komposiet en dentine, zoals in het overzicht van 
hoofdstuk 2 beschreven is, wordt de mogelijke verbinding tegengewerkt door 
knmpspanmngen in het komposiet ten gevolge van polymerisatie en thermische effekten 
Thermische knmpspanmngen per graad Celcius waren ongeveer tien keer zo klein als de 
laagste polymerisatie knmpspanmngen Er werd gevonden dat de polymerisatie 
knmpspanmngen ter plaatse van het grensvlak tussen komposiet en dentine zodanig 
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waren dat verwacht wordt dat deze verbinding bezwijkt Het bezwijken van de 
verbinding tussen komposiet en glazuur wordt echter met voorzien 
In hoofdstuk 6 zijn drie spanmngskntena, die gebaseerd zijn op kontmuum 
mechamka benadering, bekeken op hun toepasbaarheid voor het brosse bezwijken van 
tandheelkundige komposieten Het eerste is Von Mises kntenum Het tweede, een 
gemodificeerd Von Mises kntenum, is waarschijnlijk meer geschikt voor brosse 
materialen omdat het de mogelijkheid heeft om de verhouding tussen druk- en 
treksterkte te verrekenen Het derde is Drucker-Prager kriterlum Von Mises kntenum, 
een kntenum voor vloei dat dezelfde vloeigrens in trek als in druk aanneemt, is 
onvoldoende om het brosse bezwijkgedrag van tandheelkundige komposiet te beschrijven 
De verwachting is dat een gemodificeerd Von Mises kntenum, dat het bezwijken van 
polymeren kan beschrijven, of aan de andere kant Drucker-Prager kntenum, dat het 
"bezwijken" van de vuldeeltjes op een grondmechamka benadering beschrijft, beter 
zullen voldoen 
Aangezien de konstruktie waarop de aandacht gericht is, namelijk de met komposiet 
gerestaureerde tand, een scheurvormige spleet heeft, die misschien de initiator van het 
uiteindelijk mechanisch bezwijken van de konstruktie is, werden kritische waarden van 
breukmechamka parameters zoals spanmngsintensiteitsfactor (K|C), de bij scheurgroei 
vrijkomende elastische energie (G|C) en J integraal Ц с ) bepaald (hoofdstuk 7) Deze 
parameters werden gemeten voor komposiet met 5ENB proerstukjes in een 
drtepuntsbuigproef Een EEA 2-D netwerk van de 5ENB proefstukjes werd gemodelleerd 
met tweede orde, isoparametnsche, vervormde elementen met acht knooppunten en 
vlakke vervorming De virtuele scheuruitbreidingsmethode werd gebruikt om de J 
fntegaal te berekenen Ondanks dat de proefstukjes een zaagsnede met eindige dikte 
hadden in plaats van een platte scheur, vertoonden de K|C en G|C waarden (Silux 
K|C-099±003 ΜΝηη"3/2, G|C-173i16 Jm" 2 , en P-30 K|C-1 88i0 12 MNm"3/2, 
G|C=266i39 Jm"2) een aanvaardbare overeenkomst (voorzover als vergelijkbare 
materialen gebruikt werden) met waarden, die beschreven zijn in de literatuur (Silar 
K|C=0 94MNm"3 / 2, G|C= 170+30 Jm" 2 , Smith (1985), K|C= 0 865+0 057 MNm _ 3 / 2 , Lloyd 
en Mitchell (1984), K|C- 1 02 MNm"3 / 2, Goldman (1985), en P-IO K|C- 1 65 MNm"3/2, 
Smith (1985), K|C= I 265+0 038 ΜΝΓΤΓ 3 / 2 , Lloyd (1983), K|C= I 60 Μ Ν Γ Τ Γ 3 / 2 , Goldman 
(1985) 
Drie bezwijkvormen konden in hoofdstuk 8 onderscheiden worden Dit zijn "bezwijken 
in het glazuur", "bezwijken in het komposiet" of "bezwijken op het grensvlak" Hoewel 
aangetoond werd dat verschillende bezwijkvormen andere kritische waarden voor hun 
breukmechamka parameters hebben, moeten toch de laagste waarden gebruikt worden in 
de analyse van de konstruktie, waarin toelaatbare belastingen geschat worden Deze 
laagste waarden mogen best gebaseerd zijn op de te verwachten bezwijkvorm, als deze 
voorzien kan worden 
Mode II belasting werd toegepast op 5ENB proefstukjes In hoofdstuk 9 Komposiet 
zowel als de komposiet-glazuur verbinding werden experimenteel beproefd in 
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kombinatie met EEA J integraal waarden voor komposiet bepaald voor mode II bleken 
lager te zijn dan voor mode I In tegensteling hiermee bleken mode II waarden bepaald 
voor de verbinding tussen komposiet en glazuur hoger te zijn dan mode I waarden 
in de experimenten van hoofdstuk 10 werd een mesio-dlstaal plakje gezaagd uit de 
kronen van geëxtraheerde boven premolaren, hetzij gaaf, hetzij geprepareerd, hetzij 
gerestaureerd met een okklusale komposiet vulling of een palatale komposiet 
knobbelopbouw De plakjes werden mechanisch beproefd door een cilinder tussen de twee 
knobbels te drukken totdat bezwijken optrad Bezwijken kwam voor als bezwijken op 
druk in de vorm van afsplinteren van het glazuur en het komposiet (op plaatsen waar 
deze materialen met de cilinder in aanraking komen) of als splijten van de konstruktie 
uitgaande van de fissuur tussen de twee knobbels naar beneden of als bezwijken op het 
grensvlak van de komposlet-glazuur verbinding De spanningsverdeling werd met EEA 
berekend en geëvalueerd met spanmngs bezwijkkritena (gemodificeerd Von Mises en 
Drucker-Prager) Het bleek dat, onder uitsluiting van de kontakt bezwijkvorm omdat 
deze met in het model ingepast zijn, spanningen berekend met EEA, die hoog zijn volgens 
de spanmngskrUerla in combinatie met verwachte scheurultbrelding gebaseerd op J 
integraal berekeningen, de plaatsen aangeven waar de splijtbreuk en grensvlakbreuk 
beginnen 
De volgende konklusies kunnen geformulerd worden 
Breukmechamka gekomblneerd met EEA kan toegepast worden op tand-komposiet 
konstrukties om mechanisch bezwijken te voorspellen 
Zowel een kontinuum mechamka spanmngs bezwijkkntenum (Drucker-Prager) als 
een breukmechamka parameter (J integraal) zijn noodzakelijk voor een voldoende 
beschrijving van het bezwljkgedrag van een met komposiet gerestaureerd EEA 
tandmodel 
Ondergrenzen voor de kritische waarden van de spanmngsmtensiteitsfactor en de J 
integraal werden bepaald Deze waarden kunnen gebruikt worden om veilige 
belastingssituaties te schatten 
Relevante breukmechamka parameters voor komposiet en de komposiet-glazuur 
hechting kunnen met kleine (16x2x2 mm3) SENB proefstukjes in een dnepuntsbuigproef 
gemeten worden 
Gebruikmakend van de huidige komposieten en dentine hechtmlddelen, zijn de 
polymensatieknmpspanmngen nog steeds te groot om dentine hechting te verkrijgen 
Een duurzame komposiet-dentme hechting kan alleen verkregen worden na een 
gelijktijdige en aanzienlijke verbetering van dentine hechtmlddelen en een vermindering 
van de polymerlsatleknmp 
In het specifieke twee dimensionele model met interne scheur waren metingen en 
berekeningen konsistent 
Gebaseerd op de breekbelastmg gemeten met 2-D plakjes van gerestaureerde tanden 
vergeleken met de te verwachten belasting In het orale milieu l i jkt het vanuit een 
mechanisch standpunt gerechtvaardigd om posterieure komposieten toe te passen 
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STELLINGEN 
1 Het verschijnsel van bronverbreding in muziekzalen treedt voornamelijk op bij 
aanwezigheid van lage frequenties 
(Groot, R de (1981) Ruimtelijkheid in echte en gesimuleerde muziekzalen 
Afstudeerverslag Technische Natuurkunde, Technische Hogeschool Delft ) 
2 Gezien de hoge bezwijkkracht van een tandplakje bij éénmalige belasting in 
vergelijking met mogelijke kauwkrachten Is onderzoek naar bezwijken ten gevolge 
van vermoellngsverschljnselen noodzakelijk (Oit proefschrift hoofdstuk 10) 
3 Om breukmechanlka te kunnen toepassen Is de aanwezigheid van een scheur een 
conditio sine qua non. 
4 De In de volksmond gebruikte term "vulling'' in een kies geeft in veel gevallen nog 
steeds de werkelijke situatie beter weer dan de tandheelkundige uitdrukking 
"restauratie" 
5 De Inherente scheurgrootte Is niet een fysisch maar een mathematisch begrip 
(Dit proefschrift hoofdstuk 2) 
6. De huidige tandheelkundige komposleten zijn als restauratlematerlaal met slecht 
te noemen Ze worden in de praktijk echter nog vaak op een slechte manier 
toegepast 
7 In tandheelkundige afschuif proeven wordt meestal geen schulfsterkte bepaald 
(Dit proefschrift hoofdstuk 9) 
Θ. Het bestaan van het "weerstandspunt" (center of resistance) In de blomechanika van 
de orthodontische tandverplaatsing kan niet op voorhand worden aangenomen 
(Varst, Ρ 6 Th van der. Peters, MCRB, and Boer, A (1986) On the Existence of the 
Orthodontic Centre of Resistance Fifth Meeting of the European Society of 
Biomechanics, Berlin) 
9 De tijd nodig om met een computer een probleem op te lossen wordt altijd 
onderschat, naar schatting variërend met een factor twee tot tien, afhankelijk van 
de ervaring van de gebruiker 
10 De wetenschappelijke grondslag van een stelling wordt met gewaarborgd door een 
literatuurverwijzing maar door de mogelijkheid haar aan te vallen en te verdedigen 
11 Zonder geloof geen god 
12 De uitdrukking "het gaat hem voor de wind" dient vanuit zelltechnisch oogpunt 
vervangen te worden door "het gaat hem met ruime wind" 
13 De advertentietekst "Als je in Rotterdam een overhemd koopt zijn de mouwen al 
opgerold" zou voor heel Nederland gegeneraliseerd moeten kunnen worden 
Stellingen behorend bij het proefschrift 
Failure Characteristics of Tooth-Composite Structures 
Richard de Groot, 23 oktober 1986 


